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ABSTRACT: We review here the physical processes occurring when solid

surfaces are used to modify in a substantial way the spectroscopic

properties of molecules located nearby. This is achieved by enhancement

of the local laser field) increase in molecular emissionand decrease in

excited state life-time. We survey the use of flat surfaces, gratings,

attenuated total reflection prisms, surfaces with small and large random

roughness, isolated spheres and ellipsoids ,and interacting solid sur-

faces. The spectroscopic techniques surveyed are surface enhanced Raman,

fluorescence, resonant Raman and absorption. The possibility of enhancing

photo-chemical processes is also discussed. We have made an effort to

present all these topics from an unifying point of view and to survey

the experiments relevant to the concepts presented. The level of presen-

tation is aimed at a non-expert or an experimentalist without extensive

theoretical skills.
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I SURFACE ENHANCED SPECTROSCOPY

Deiarn Metiu (a)

Deprtmntof Chemistry
University of CaliforniaI Santa Barbara, California 93106

ABSTRACT: We review here the physical processes occurring when solid

J surfaces are used to modify in a substantial way the spectroscopic

properties of molecules located nearby. This is achieved by enhancement

Iof the local laser field ) 'increase in molecular emsion decrease in

excited state life-time. We survey the use of flat surfaces, gratings,

attenuated total reflection prisms, surfaces with small and large random

roughness, isolated spheres and ellipsoidsand interacting solid sur-

faces. The spectroscopic techniques surveyed are surface enhanced Raman,

1 fluorescence, resonant Raman and absorption. The possibility of enhancing

1 photo-chemical processes is also discussed. We have made an effort to

present all these topics from an unifying point of view and to survey

1 the experiments relevant to the concepts presented. The level of presen-

tation is aimed at a non-expert or an experlimentalist without extensive

1 theoretical skills. .

i (a) Alfred P. Sloan Fellow and Camille and Henry Dreyf us Teacher-Scholar.



I I. Introduction.

The purpose of this review is to explore the possiblity of modifying

in a radical manner the spectroscopic properties of a molecule, by placing

it near a solid surface. We are mainly interested in investigating those

special circulmstances under which the intensity and/or lifetime modifica-

tions are equal or larger than two orders of magnitude.

The solid may cause such effects electromagnetically, by modifying

the laser field at the location of the molecule, as well as the lifetime

and the emission intensity of the excited molecules. In addition, the

binding of the molecule to the solid may affect the optical response of

I the molecule in a very substantial way. The relative importance of the

electromagnetic and the molecular effects in producing a strongly modified

signal is still a subject of debate and active research.

We have decided to concentrate mainly on electromagnetic effects-

because the theory is better developed, richer in consequences and has

I more predictive power. In pursuing the subject we have certain objectives

1 that we would like to state explicitly.
(a) The electromagnetic effects can be discussed by solving Maxwell

I equations for an oscillating point dipole (the molecule) placed near a

dielectric surface. The spectroscopic behavior of the molecule depends

.1 radically on the shape of the surface and its dielectric properties, as

well as on the kind of spectroscopy performed. The research literature

has developed explosively and generated an enormous amount of peculiar

* 1 results, valid under peculiar conditions. We would like to show how all

of them can be obtained from an unique theoretical scheme, built around

1 few basic physical effects.



I (b) Unfortunately the computational scheme mentioned above-can be.

solved only for geometries which cannot yet be exactly produced in the

laboratory, because we lack the ability of controlling precisely the

I surface shape and the surface-molecule distance. In those cases when a

lot of care is taken to produce a certain configuration, we lack the means

of proving to the disbeliever that the desired result has been achieved.

So far we had to work with incompletely characterized surfaces or with

surfaces for which no theory has been produced. For this reason, the

1 experimental test of the theory is not a simple affair. We can form an

i opinion about the validity and the importance of the electromagnetic effects

by examining, qualitatively or semi-quantitatively, a large number of

trends expected to show up when the surface shape, the solid material,

the molecule surface distance and the spectroscopic techniques are changed.

1 This forced us to review extensively a large pool of data, which has been

chosen for its power to illustrate various concepts and trends. We made no

attempt to quote more experimental works than needed for such illustation.

I (c) We have organized the material as required by a logical and

readable presentation of the basic concepts and have made no attempt to pur-

I sue or even outline the historical development of the subject.

The material covered in the review should be of interest to several

groups of people, having very different background and interests. (1) The

1 molecular spectroscopists might want to learn how to use solid surfaces

to modify and influence the spectroscopic signals of the molecules.

1 (2) Surface scientists and electrochemists might be interested in the

1 vibrational spectroscopy of surface molecules at rough surfaces or on

small clusters. (3) People interested in the optical and electromagnetic

properties of surfaces and small clusters might want to learn how to

use molecular spectroscopy as a probe of these electromagnetic properties.



1 (4) Anyone with an interest in surface roughness will find here new ways

to study it optically. (5) Curiosity seekers may find the topic amusing.

Since the subject is truly interdisciplinary, I made an effort to

provide the required background as I went along. My aim has been to make

I the material accessible to non-experts and to those experimentalists who

do not have a particularly strong-training in theory.

Previous reviews [-1concentrated almost exclusively on surface en-

Ihanced Raman spectroscopy. Some [-1are already conceptually obsolete, but

still contain a large and useful body of factual information. This article

has practically no overlap with them. Otto's articles[5 present a point

of view developed in his group which we have not discussed here since we

had very little to add. Finally, the book edited by Chang and Furtak [61

1 has articles by leading experts and should nicely complement the present

review.



LI. General Theory

IL.1. Statement of the problem

IL. IA. A Broad Outline.

1 1§1. Any theory of surface (or any other) spectroscopy must analyse

three elements: the local electromagnetic field acting on each molecule,

the molecular response to this field and the emission by the polarized

molecule. To describe and interpret these processes we use, in most sections

of this review, phenomenological models in which both the molecules and

I the solid are treated as polarizable objects. The phenomenology provides

prescriptions for the computation of the polarization.

§2. 'The polarization of the solid. The polarization of the solid is

* 1 computed by using the frequency dependent, complex dielectric constant C~a).

We assume[7l1I that e(w) is the same at any point inside the metal and that it

I changes suddenly at the solid interface. Once this assumption is accepted,

the involvement of the solid in the spectroscopy of surface molecules can

be computed by solving Maxwell's equations.

This procedure has two, potentially severe, limitations. The dielectric

1 response of the metal varies continuously through the interface and this

variation can be treated as a sudden jump only if the location of the source

I causing the polarization and the location where the polarization field is

measured, are both far from the surface.

* 1 In surface spectroscopy the molecules act (in the excitation process) as

detectors of the local field while ir. the emission process they act as
sources. If the s urfac e-molecule distance is very small (-3- 51) the use of

* a discontinuous dielectric constant will introduce errors.

A further limitation appears when the polarization field varies rapidly in

I space. This is not the case for long wavelength photon fields but becomes

I a problem when the polarization source is a laser driven molecule located



at the surface, since this exerts on the metal a spatially inhomogeneous

field. In such a case the polarization of the metal at a given location

I depends not only on the magnitude of the external field at that point (as

assumed in the local, phenomenological theory)1 7 11] but also on the

magnitude of the field acting at each point of a neighbourhood of that location.

I The consequences of the errors made in the phenomenological model,

by ignoring the continuous variation of the dielectric response through the

I interface and the non-local character of the response, are analysed quali-

tatively in Section IV.

§3. The polarization of the molecule. In most of the present article

we describe the molecular response to the local electromagnetic field by

using point dipoles. In reality the induced charge distribution p (r) has

i a finite size, extending over the dimensions of the molecule. Replacing

i this by a point dipole causes no problem if we consider the interaction

of the molecule with the local field. The latter is smooth over distances

I equal to the molecular size and in such situations the response of the

molecule is well approximated by a point dipole. - 11] The interaction

i fe p(r9) r- rI dr between a metal electron of charge e, located at r,

and the molecular charge density p(r) (induced by laser) can be replaced by

the interaction of the electron with the induced dipole U(r) =fr p (r) dr only

if the molecule-metal distance is larger than the molecular size. For adsorbed

molecules this condition is not satisfied.

A further source of errors in the phenomenr,,gical models is the elim-

1 ination of certain chemisorption effects that might play an important role in

the polarization of the molecule. For example, as the laser drives

1 MK .1-t!



the molecular electrons, inducing thus an oscillating polarization charge,

it is possible that the polarization process causes electron transfer back

1 and forth between the molecule and the metal. If this happens the polariz-

I ability of the chernisorbed molecule may be substantially affected by the

charge transfer. Another mechanism through which the polarizability of

the adsorbed molecule may be augmented is due to the interaction between

the electrons in the metal and the molecular nuclei. The dielectric response
of the metal surface becomes a function of the amplitude of the molecular

I normal coordinates. Therefore the electrons in the metal surface will

participate in the Raman scattering process in the same way as the molecular

1 electrons, thus increasing the Raman signal.

Finally, for molecules close to the surface the excitation process is

affected by the presence of the solid in many ways. Once excited the molecule

can undergo a variety of processes. (a). It can emit a photon either into the

vacuum or into the solid. The first process gives the natural line-width. The

U second one gives the broadening computed here through the "image field" model

(to be discussed later). (b) When the molecule is close to the surface the

excited electron can jump from the molecule into the solid. This process is

I likely if the molecular level occupied as a consequence of excitation is resonant

with an empty state of the solid. The positive ion created by the charge transfer

*is then Auger neutralized! 1Z (c) If the molecular orbital populated by the excita-

I tion process is resonant with a filled state of the solid, a metal electron can

jump into the hole formed in the molecule by the excitation process and simul-

taneously eject the excited electron from the molecule. L'3 Note that mechanism (a

and Wc are the Coulomb and exchange part of the same process of dc-excitation.

L1



The Coulomb one takes place at very large distances; the exchange part and

the resonant ionization (process (b)) are short range processes. All of them

I contribute to the width of the upper level. The models used in the present

review deal, in an approximate manner, with process (a) and ignore the

I others. They can be included by adding to the upper levels of the first layer

Imolecules an additional width corresponding to a life-time of roughly 10-14 sec.
It is not yet clear to what extent the effects mentioned above are

I important, and how dangerous it is to leave them out, by using the phen-

omenological model. Here we take the view that when used with caution

I such a model yields semni-quantitative results. Since the experimental

I systems we are dealing with are rather imprecisely characterized this

might be, as far as practical men are concerned, the proper level of

description for many of the important aspects of the problems discussed

here. If the effects ignored here are later understood quantitatively and

U shown to be important, they can be incorporated i-n the present framework

I without difficulty.

.. B. Onc e Over Lightly

I 34. The local field. We consider a system consisting of a solvent,

* of surface molecules (adsorbed, chemisorbed or floating at some distance from

the surface) and a solid surface (in most cases a mnetal). Since we discuss

I here laser generated processes only our model assumes that the spectroscopic



signal is generated because a given molecule, located at r0 , is driven by a

I local electric field k (to; t). This is written here as the sum of four

I terms,

,(r ot) - ti(ro, t) + r (o, t) im( o, t) + LoL

I The first term i(ro,t) is the electric field caused by the incident

laser beam in the absence of the "surface molecules" and of the solid

surface, but in the presence of the solvent.

If the solid is present, a second field tr (O, t) appears because of the

polarization of the solid by E.. Here E is called the reflected field while the
0.1 r

umI t (r0 .t).- i( O, t) + r(o, t) is the primary field. The latter

represents the total electric field established by the incident laser in

I the presence of the solid and solvent, but in the absence of the "surface

molecules". Generally, we compute i by solving Maxwell's (and in special

cases Laplace's) equations. In many cases the result is well known. For

I example if the surface is flat r' and consequently P, are given by

Fresnel formulae 7

The remaining two fields in Eq. (1) appear when the surface molecules

are added to the system. First, consider the case when only the molecule

placed at r0 is present. The molecule is polarized by the primary field

I (rO, t) and as a result it acquires an induced dipole. The electric1 l
1 _
1 A

K- - " .. .. . ... -.. ' -- "



field of this dipole polarizes the solid, which in turn produces an electric

fil tro, denoted here as E i(r, 0t. For example, if the solid is a

perfect conductor with a flat surface E im(r 0 . t) can be computed very

easily by using the so called image theorem~which shows that E. is the

field created by the image of the induced dipole with respect to the surface

plane. Even though the image theorem cannot be generalized to hold for all

practically interesting geometries and materials, we always refer to the

I polarization field Eim(r 0 , t) defined above as the image field.

Finally if we bring all the other molecules in place, they all get

I polarized (i.e. each acquires an induced dipole moment) and each causes an

I electric field at the point ro where the local field is calculated. The sum of

all these dipole fields is denoted here by E L (r 0 , t) (this is the kind of field

that appears during the derivation of the Lorentz-Lorenz formula).i I n
surface spectroscopy we need the dipole fields at roas modified by the

Ipresence of the solid surface (the dipole fields plus all the image fields).

3We call E L (O, t) the Lorentz field.

* There is no compelling reason for using these names and/or this way

3 of splitting the local field into a sum of terms. We do find it useful for all the

applications discussed here and we hope that the nomenclature will be adopted

by others; it seems that the advantage of having a common language outweighs

I whatever improvements one may obtain by continuously changing these names.

15. The spectroscopic role of these fields. At this point it is neces-

I sary to anticipate later results and to point out that these fields play different

1 roles in surface spectroscopy. The magnitude of the molecular response
(i.e. the magnitude of the induced dipole) is proportional to the primary

field E



I

The sum (t, t) = (rO, t) + E (rO, t), which we call the secondary

field, affects the induced dipole in a more subtle way, by modifying the

effective polarizability of the molecule. Thus, if we consider a simple

two level model the real part of the secondary field shifts the frequency

needed to reach the upper level. This will affect the fluorescence frequency

I (both excitation and emission frequency) and the peak position in the

resonant Raman effect. This shift is generally small. The imaginary part

of the secondary field changes (increases) the width of the upper level.

Thus it broadens the absorption line shape, shortens the fluorescence life-

time and lowers the resonant Raman intensity. While the image field

Eim(r0,t) causes these effects at near zero surface coverage, the Lorentz

field introduces in them a concentration (coverage) dependence.

It is very important to keep in mind that Ep and E. affect different
physical processes; if one looks at the right physical quantity one may ne-

--. -- "4 " -4

glect say Es and compute only Ep (even though Es might be larger than E p),

because the quantity being measured does not depend on Es . One such

I example is the intensity of the non-resonant (normal) Raman scattering,

which does not depend on E s . An opposite situation is exemplified by the

fluorescence liftime, which depends on E s only.

.6. The polarization of the molecule. The molecule located at r0

is under the influence of the local field E (r 0 , t) described at 54. We

cannot simply assume that the induced dipole 1 is given by the molecular

polarizability tensor dotted into . Some thought must be given to the

fact that the terms composing E£ are of two kinds. The primary field P

depends only on the incoming laser beam, the nature of the solvent and the

nature and the positioning of the solid surfaces. In contrast, the secondary

* field E s depends on the magnitude of the induced dipoles which we want to
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compute in the first place. Therefore, we must be careful to compute io and g

self-consistently.

The simplest way of doing this is to use the Drude-Lorentz equation. The

details of the procedure will be discussed later. A reader with experience in this

field will have no trouble in anticipating the general features of the result. If

I the incident electric field has the time dependence ti(O, t) i(-o)e-iwt

then thi primary field has the form (ro, t) (ro)e 1'j and the induced

dipole has a time dependence given by

Ij(t) = a E (ro)e aRS *-p (-p(r)e 'v
R *p +CRS

(LT.2)

RA P * (O)e1(Cvt

The quantities a aRS' a RA are the "effective" Rayleigh, Raman-

Stokes and Raman Anti-Stokes polarizability tensors, respectively. They

differ from the corresponding gas phase quantities due to modifications

I caused by the presence of the surface. We write the equation (2) as if

the molecule has only one active Raman vibration of frequency w , since the

I extension to the many-modes case is obvious.

I §7. The emission process. In spectroscopic measurements we detect

the light emitted by the surface and by the dipoles induced in each molecule.

In most cases the light is scattered by the solid elastically; exceptions

are the innelastic scattering caused by the thermal vibrations of the rough

1 surface or the continuum bright "background" caused by the fluorescence

g of the rough surface. There are two ways in which emission experiments can

be done. In steady state experiments the excitation source is kept on and

the emission is monitored continuously. Examples are Raman or Rayleigh

i scattering. The main quantity measured is the emission yield, i.e. the ratio

.V-



I of the emitted versus incident intensity. One can also carry out relaxation

g experiments in which the excitation source is turned of f and the decay of

emission intensity is monitored. The quantities measured in this way are

1 the emission life-time and the magnitude of the intensity.

The molecular emission Is modified by the presence of the solid surface

I in several ways. (a) The simplest, is a mirror effect. Photons that would

not have reached the detector in a gas phase experiment, bounce from the

surface and are sent to the detector. Some extra brightness is thus obtained

and the process is not different from enhancing the luminosity of a

candle by putting a mirror behind it. (b) If the emitting dipole couples

to the electromagnetic resonances of the solid (e.g. surface plasinons,

3 polaritons, excitons, etc.) and these are rapidly damped(e.g. by coupling

to phonons or electron-hole pairs) or are incapable of radiating, the

I emission life time is shortened (in relaxation experiments) and the emission

efficiency is diminished (in steady state experiments). (c) The coupling

to the electromagnetic resonance can have different effects if the resonance

3 is radiative. To understand how this happens one should remember that the

electric field caused by an oscillating dipole is the sum of two kinds ofI [7]
terms . One is the far field, which is transverse, carries energy away from

5the dipole and depends on distance like eik /r. The other is the near

field, which depends on distance like (r- 3 -ikr-z~ ikranisvrlrg

5in the region around the dipole. This field does not carry energy away

from the dipole and cannot be detected by a device placed far from the

dipole. In case of a radio antenna (which is an oscillating dipole) the

S near field might be felt by the neighbours of the station but not by listeners

located far away. If we place a solid surface very close to the emitting

1 dipole, the solid interacts with the large near field. One consequence

.1 -



of this is that the electromagnetic resonances (the radiative as well as

the non-radiative ones) of the surface are excited. If the excitation of a radiative

resonance is very effective, energy is transferred from the molecular near

field to the radiative resonance and then emitted to the detector. This

increases the amount of energy radiated per unit time. In a steady state

experiment this must result in increased absorption, in order to conserve

energy. In a relaxation experiment the balance of energy is more complicated.

In some cases further enhancement can be obtained if the shape of the

surface is designed (e.g. gratings) to concentrate most of the radiated

* energy in a preferred direction.

The effects just listed separately work, in many cases, together.

3 The near field of the molecular dipole excites both the radiative and the

non-radiative resonances of the surface. Whether this brightens or quenches

I the emission depends on the competition between the excitation of various

3 surface modes, the nature of the material, the kind of spectroscopic

measurement performed, the shape of the surface and the molecule-

I surface distance. All these features are discussed later in detail.

* U 98. Surface enhanced spectroscopy. Before proceeding to expound on the

behaviour suggested so far, we wish to point out the main ideas of surface



I enhanced spectroscopy, in the context of the theoretical scheme already outlined.

(a) It turns out that by careful choice of material, surface

I shape and incident frequency it is possible to enhance substantially the

g reflected field f . This can be done in two ways: (a) by exciting an

- electromagnetic resonance or by ($) giving the surface a large curvature.

j The first effect requires a material which damps electromagnetic resonances

inefficiently (such as Ag, InSb, SiC, etc.). It is surface shape sensitive

and takes place at specified incident frequency. The second is, to some

I extent, insensitive to the incident frequency.

(b) It is possible to design experimental conditions in which the

* molecular emission is also enhanced. This happens if the molecular

dipole drives a radiative electromagnetic resonance of the solid. Some
spectroscopic techniques, such as Raman scattering, benefit from both

I effects. Absorption spectroscopy is influenced by (a) and fluorescence

by (b).

I (c) The presence of the surface may, under certain conditions, quench

very effectively the molecular emission from surface molecules. This is

mostly done by coupling to non-radiative electromagnetic resonances in the

solid. From the point of view of surface enhanced spectroscopy such effects

are the other (darker) side of the coin. Few spectroscopists have made a

I living by quenching signals, but resonance Raman scattering might offer an

I exception. This technique has always been plagued by the presence of

fluorescence, which can obscure the resonant Raman signal. Van Duynel 1

* has recently deposited molecules on a rough surface which is a very effective

fluorescence quencher and managed thus to sharpen considerably the resonance

I Raman lines. What can make a fluorescence devotee despair, may be a reson-

ance Raman practitioner's delight.

I7



(d) The effects discussed above are electromagnetic in nature. There

is a good chance that the polarizability of the molecule might be enhanced

I when the molecule binds to a metal surface. This provides an additional

I source of enhancement.

One must keep in mind that all spectroscopic techniques measure

intensity, which is the square of the electric fields discussed here.

Furthermore the effect of various mechanisms is multiplicative. For these

reasons several modest enhancements of the electric fields and induced

l dipoles may combine to give a spectacular total. For example, in Raman

spectroscopy the intensity is the square of a product of the enhanced ernis-

I sion factor, Raman polarizability and the reflected field. A factor of 10

enhancement in each of these effects, gives a total of 106 in the measured

intensity.

I

I

I

I
I -/ -

I



11. 1. C Filling in some of the details.

§9. The key question in surface enhanced spectroscopy is how to

I manipulate the properties of the surface in order to enhance spectroscopic

I signals. In some rare cases we may also wish to quench some undesired

effects. There are already many ways of doing this and there is a danger

that examination of series of examples may obscure the fact that there are

some general features common to all systems. In this section we try to

expreasthe model discussed so far in mathematical terms that underline these

common and general features.

We divide, for ease of presentation, the basic aspects of the process

into molecular and electrodynamic. The molecular problem is to sort out to

I what extent the optical response (e.g. polarizability) of a molecule is changed

by chernisorption. The electrodynamic problem is to establish the modification

of the local and emitted fields by the presence of the surface. While the "moleculs

theory" is in its infancy, the electrodynamic one is fairly well developed.

I For this reason the general discussion concentrates on the electrodynanic

5 aspects.

§10. The primary field. If the response of the solid is linear we

can always write the primary field, at a point r located outside the solid

in the form

| .

We assunea harmonic incident field 'i(4,t) - i(r,w)e -iit InEq. (3) 1 is

the unit tensor and T(rw), is a quantity which we call the reflection

tnsor. It deperdson the shape and the dielectric properties of the solid,

the position of the point r relative to the surface and the dielectric proper-

I ties of the solvent. An analytic expression can be obtained in several cases

" -"1' .. . ....- /,7 -.... ... .." l I i... . ' .. .....



If of interest, though most often it is given by a computer program which

generates f when E. is known.
r II :The reflection tensor contains all the information concerning the

I electromagnetic resonances which can be excited by the incident field. The

resonance manifests itself through a pronounced increase of the components

of V when the incident frequency equals the resonance frequency.

§11. The emission. Another general electrodynamic problem in surface

enhanced spectroscopy is the computation of the electric field tu ,t)

caused at by an oscillating dipole p(t) located at ro'0. If the time

dependence of the dipole is i(t) (eit then the emitted field has

1 the form t(',t) - t(',w)e- iWt. ( w,) can always be written [14]as

r° ;w)iw (Gor ;) +r. G (r, + r

I The dyadic Green's functionV is a symbol for the set of operations

required to obtain t from Maxwell's equations when 11 is known. In few

cases these operations can be specified in an analytic form. In others, all

we have is a computer program. The word dyadic calls attention to the fact

that the rule embodied in'e is tensorial; in other words the vector I has

a different direction than 1j.

The two terms G andG have the following physical meaning. G .0 a .is the field caused by the dipole in the absence of the solid. The extra

term, C .- is needed because the surface is there and modifies the dipole

emission. For example, in the simple case of a flat surface [ 2 ' 1 4 1 the field

G s * ; represents (at large distance from the dipole) the radiation of the

dipole (C (w)-l)(C(w)+l) "  u placed at a position which is the mirror image

of the molecular location with respect to the surface plane.

If G is correctly computed it will contain both the near field (for

I -



r close to the dipole or the surface) and the far (radiated) field (for r

far from both the surface and the dipole). In scattering problems it

is customary to simplify the calculations by eliminating the part of

which contributes to the near field only. Uncritical use of such expressions

can give completely erroneous results when applied to compute the field

at points close to the surface.

The important quantity, as far as surface enhanced spectroscopy is

concerne is*G . This contains all the effects of the solid surface ons

dipole radiation. It depends on the dielectric properties and the shape

of the solid, the position of the dipole with respect to the surface and

the placement of the detector. If the dipole excites the electromagnetic

iresonances of the solid this will be evident in the frequency dependence
of G s(r'r ;wM.

512. -Drude-Lorentz theory of the molecular response. To make further

progress we must have a prescription which gives the response of the

Imolecule to the laser field, providing thus the magnitude of the induced
3 dipole U. This is strictly speaking a problem which requires calculations

of the electronic structure of the chemisorbed molecule and the response

of the electrons to time dependent electromagnetic fields. We circumvent the

need for such formidable calculations by using the Drude-Lorentz model (DL).

*4.
This postulates that the dipole induced in a molecule located at r and

interacting with an electromagnetic field E ( ,t) is given by the following

differential equation:

d2 + v + r dj " (e2/m )'t (r,t). (11.5)

Such equations were used before quantum mechanics was invented and it is

..... .......... ...



interesting to review the thinking that went with them. It was assumed

that the molecule contains some polarizable effective charge e* which

interacts with the "external field" i (r, t). This pulls the charge from

I its "equilibrium" (neutrality) position and the displacement thus induced

is denoted 6. If the charge has a mass m*, Newton's equation for the

I process is

m* d26r(t) = -k-r(t) - r* d 6r(t) + e*.t (,t) (11.6)

The first term at the r-h.s of (6) expressed the belief in the stability

of the molecule: an elastic force prevented the charge from taking offIwa
or causing extremely large polarization. The second term was necessary

i to account for the fact that once the charge is set in motion it cannot

oscillate forever. Radiation or interaction with other molecules, (leading

ultimately to heating) will damp the oscillator. The term r*d6r(t)/dt

introduces an exponential damping of the amplitude when the driving fielo P(r, t)
r~Eh(s.

is shut off. The last term in the r.h. s. represents the force exerted by the field

on the charge. The form chosen in Eq. (6)is too simple since it always gives an

induced displacement parallel to the incident field. This is not consistent with the

asyrmetry of molecules or with the experimental fact that a molecule can de-

polarize elastically scattered light. The concept of oscillator strength is thus

- necessary. It is postulated that the force term is e*T*.te where 7* is a

I tensor called oscillator strength. Multiplying now Eq. (6) by e and

recognizing that the induced dipole is e*& we obtain

I2p/t + (,.,,,,,-,,) + (r*,,,,,) [(e.,,: 1
I dt

Now defining r°  r*/m*, (k/m*) =w 2 and (e2/m) = (e*)2/m*]7 eoti q 5

Nov~~~~ ~ d:::: :If:* t z~*:d f(:mA we obtain Eq. (5)

!OI
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This equation contains only three known quantities: w2, r and f

(e and m are the electron charge and mass, respectively). One way of finding

i what these quantities mean is to inquire into the spectroscopic properties of

the induced dipole defined by Eq. (5). If the external field has the form

kt(",t) - e-imti (T,w) then P(0 - '(w)e - t r t (assuming that r, w0 and? are

I time indeoendentl) and Eq. (5) gives:

(e2/m)f() (_ (11.8)
0

This equation defines a frequency dependent polarizability (W).

If we inquire into the absorption cross section for this dipole we

find[ 1 5 ] the extinction coefficient K to be

SK = (r/4c)(fe2 /m) (11.9)
(Wo-w)z+(Fr/2)

Here P is the number density of oscillators and c is the velocity of light.

We have assumed a refractive index close to one and have taken an isotropic

oscillator strength. We see now that w [l-(r2/4.w2)]I/2 =o is the absorption
0 00

i frequency and r is the width of the Lorentzian absorbtion line. The model

embodied by Eq.(5) corresponds to a two level system and w and r are the

frequency and the width of upper level.

I If we carry out a relaxation experiment we must compute the emission

of the dipole after the interruption of the field it. The solution of

Eq. (5) in this case is

I (t) i (O) exp(-ittao[1-(r2/22)]"/ 2)]exp(-tr/2). (1I.10)
I

* * -~ iI - *
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I Since the emitted intensity is proportional to the square of the dipole

moment the rate of decay is proportional to exp(-rt) so that r is the life-

time of the upper level.

513. This "empirical" analysis defines the quantities appearing in

the DL equation (5) in terms of spectroscopic observables. We can also

understand the model if we compare it to the quantum theory. The dipole

I induced by an oscillating field E(t) (i/2) 0 [exp(-iwt) + exp(iwt)] in a

molecule is

p(t) =<T(t) El' ri I(t)> ,  (IL 11)

i

where ri are the positions of the electrons and r(t) is the molecular wave func-'

tion in the presence of the field Ej(t) . Since we are interested in the linear

I response we can compute %P4t) to first order in Elby perturbation theory. We

then compute d u/dtr by taking derivatives of Eq. (11) Assuming that the

I molecule has only one excited state we obtain

* Z e2 w0
* j~~~:(t) + 2-'(t) = 1rJOo(1.2A W0 131" (1U "12 ' .(H 2

I
Here w (E2-E1 )/ and 12  < 2Ierr (lf> is the transition dipole between

i
the time independent states 1 and 2. If we compare this to Eq. (5) we find that

f f- (2m0/3*)U121112. (11. 13)

This derivation of the DL model from quantum theory supports the conclusions reach

empirically and in addition provides an expression for the oscillator strength. Th

I "friction" term r does not appear because the quantum theory used here is too

primitive. Using Wigner-Weisskopf theory 1] introduces r in the probleml

-- sk _ . ...i ar.. .. . " -
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and the equation for iU(t) is then exactly like Eq. (5). Use of methods

described by Heitler[ 7 ] can provide quantum expressions for r.

0.4. We have gone through this analysis to point out that the Drude-

I Lorentz equation is not a "classical theory" of the polarizability in the

sense that it treats the electron motion in the molecules by using classical

I electrodynamics. It is a phenomenological theory which guessed the correct

I structure of the quantum equations, on the basis of a "classical" argument

concerning the polarization of molecular charges. The DL model is very

I useful in surface spectroscopy because it allows us to understand how the

electrodynarnic properties of the surface can affect the molecular polariz-

ability. Thus one can show that the image fields change w0 and r thus

I affecting the position and the width of the upper states.

Furthermore, the model allows empirical incorporation of some surface

effects. Chemisorption will change ?, w and r and one must

keep in mind that the values of these quantities might be different from

those of the gas phase molecule. There are however effects which are not

I contained in this model, such as charge transfer between metal and molecule

i during.the polarization process or metal electrons participation in Raman

scattering by molecular vibrations (see Section V.2 for details).

915. Putting all the parts together: Using the notation developed above

we can write the equations describing surface spectroscopy in a compact form.
The electric field caused by the molecular dipoles -* (t) (w)it 1, ... ,N,

at the detector location Rd is

with (Rd t = d; W)e 
(H. 14)

N

( E'(1d; a (II. 15)

|1



Here N is the number of induced dipoles (i. e.the number of surface molecules).

The molecular dipoles are given by the DL equation (5)

fo Mjw (located atr

- (W) + W (w) - (e f T (7, (1L.16)

I We use a two level model and assume that all surface molecules have the same

frequency w0o width r and oscillator strength f.

The local field at r is the sum of the four terms defined by Eq. (1)

I and discussed in §4 and §10. The primary field is given by Eq. (3) in

terms of the reflection tensor R(r;w). The image field is given by the

I equation

im, Oi s ai C L

which has been discussed at §11. Note that only the G part of the dyadic

Green function f is needed since we want the field caused by the fact that -

the dipole polarizes the metal. It is essential that G s in Ea. (17) is

I computed by a procedure in which the near fields are included.

Finally, the Lorentz field EL(ra;t) (r ;w)e is given by

N _

(r ;) t G(r ,r ;W) • () (i(W )6)

This contains the fields exerted at the point rQ by the dipoles UP located at

r8 . G must contain the usual dipole field (through*6 ), the effect of surface
0* 0

5 polarization (through* s ) and the near and far fields as well.
8

i §16. We can now put together all these equations by replacing the local

field (rCL;) with the sum given by Eq.'(1) and the expressions (3),

(17) and (18) for E , imand , respectively. The resutis

-' . L
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•W-~t W + W2-1.- (W 2/~ l I+" -r W,(W

. )+ ro,(w)io () (e

NI N .r

r,, ; W) - ' (LO) + Z Gr

I We have now a complete computational scheme which can in principle

provide the emission produced by N "surface" molecules, "dissolved" is a

solvent (which can be taken to be vacuum), in the presence of pieces of

I solid material with arbitrary surface shape. The driving force is the incident laser

field Ei(r,t) = Ei(r,w)e

I To perform calculations we must specify the following:

(1) The incident field E i (its magnitude, frequency, polarization and

direction of propagation);

1 (2) the position, shape and dielectric properties of the solid materials.

This allows - in principle - the computation of R and Gs;

1 (3) the molecular properties (i. e. resonant frequency w 0 excited state

00I width o and oscillator strength ",r');

(4) the position of each molecule or the probability that the molecule 1 is

at rI and ... the molecule N is at rN. Strictly speaking only the pair distri-

bution function is needed.

Assuming that we know all these, we must carry out the foliowing sequence

of operations: (a) solve Maxwell's equations to find V and (b) solve the

system of linear equations (19) to obtain/ a (w), at= 1, ... N; (c) compute

I the electric field E (Rd; w ) at the detector position by using Eq. (15);

(d) find the intensity I detected at Rd (at frequency w and polarization direction

-j),which is proportional to ?I E (Rd;w)I, (e) model the probability distribution

J of the particle positions, dipole phases and orientations and use it to

average 17- E(Rd;,W) 2I



§17. A simplified model: This is a formidable program which is con-

siderably simplified by making three approximations. (1) We neglect the

Lorentz field. (2) We assume incoherent scattering. (3) We consider that the

molecules are randomly distributed. The justifications for these approxima-

tions and their consequences are examined below.

(1) Taking EL = 0 neglects (see Eq. (18)) the field caused by the

surface molecules a = 1, ... a-1, a+1, ..., N at the location r of the

molecule a. This corresponds to removing the sum in Eq. (19). Mathematically

this results in an enormous simplification since the 3N x 3N system of

equations (19) is reduced to a 3x3 one. Physically, the approximation

removes the coverage dependence of the level shift and width. This approxi-

mation can be avoided by using methods already developed for the study of

peak frequency dependence on coverage in the IR spectroscopy of surface| r181
molecules . There is very little work in this direction in Raman spectros-

I c~py[19]"

(2) The incoherent scattering assumption is equivalent in this context

I. with the statement that the phases of the oscillators are uncorrelated. The

assumption is implemented in the following manner. The intensity of the

photons with polarization n and frequency w, detected at ld' is

Ic~In~~d;W)1 n <Gd 'r; W)- 1 (W)][ 'TI r~;w 1.

a IJ M'' I >

We have used here the expression (15) for the field at the detector. The

meaning of is discussed at §11.

I
I
I
1



The average implied by the angular brackets is over the position of the

oscillators and their phases. If the oscillator phases are uncorrelated

the averages<ipiP> give zero if a 0 0. The double sum reduces to a

I single one and the total intensity is the sum of the intensity emitted by

each oscillator. In reality there are some correlations and the average

Pali*>decays with the distance Ira- ro.The length over which this decay

takes place is the phase correlation length.

In all the works on enhanced spectroscopy the possible effects of phase

I correlations have been ignored. Coherence effects, and the possible enhance-

i ment produced by them, have thus been eliminated. In our opinion this is

probably justified in the case of surface enhanced Raman scattering. The

"Ramn dipole" = is ( (Q-Qeq) where Q is the normal coordinate"Raandiol" R isPR , eq e

amplitude and Qeq is its value at equilibrium nuclear configuration. There

are thus two phases to contend with one of the induced dipole and the other of

J the nuclear oscillator. Even if we polarize the molecules with a coherent

source and excite the dipoles 7i coherently, this will not affect the phases of

1 the normal coordinates 6 Q = Q-Qeq. In the highly disordered systems used

in SERS it is unlikely that there are significant correlations between 6Q andIa
6Q so that taking <Q 6Q 6 6 is justified. In other words, we do not

.6 a a
j expect coherence effects to contribute significantly to SERS because of the lack of

correlation in the phases of the nuclear vibrations. The coherence is also

I destroyed in fluorescence spectroscopy if following the excitation of the molecule

the emitting state is "prepared" by an internal relaxation process lacking

"phase memory" (e.g. vibrational relaxations or radiationless transitions).

(3) Another difficult problem is deciding how to carry out averages

over the molecular pisitions r a. All works on surface enhanced spectroscopy

assume that the molecules are randomly distributed, i.e. that the probability

1 of finding a molecule in the volume element d at the point " is given by

dr/V, where V is the total volume.

I 2



I
There are many ways of improving on these assumptions ranging from

theoretical models to Monte Carlo simulations. We doubt that, at this time,

this is a fruitful line to pursue. Since we use surfaces whose structure

I is poorly characterized we can only get a crude approximation for the
.. _-- -*4. 4- -)

electrodynamic quantities G(R, r ; w), G(ra, r8; w) and R(rC; w).. It seemstherefore

excessive to try to average these quantities over ra and rOwith high accuracy.

I § 18. An "oversimplified" model: In many of the qualitative discussions

that follow we use an oversimplified model in which we take f = fz, GS

and I+ ) E E 2. Here z is a unit vector perpendicular to the surface and

I pointing away from the solid. Mathematically these approximations turn the

system of 3x3 equations (19) (the sum in (19) is the Lorentz field and it is

I neglected) into a scalar equation. We do this to avoid, in qualitative discus-

sions, all the cumbersome details related to inverse matrices, etc. None of

I the qualitative conclusions are affected by this simplification.

Physically, the approximations are also tenable. Taking E = E + ') E.

E z is reasonable since the primary field (see §10) tends to be perpen-
p

I dicular to the surface due to the boundary conditions. Taking'? = f

implies that the molecule is located with its most polarizable direction

I perpendicular to the surface. Thus a perpendicular primary field will

I induce a perpendicular dipole. The parallel components of the dipole are neglected,

Finally* (r r ; a) ZZ states that the image field of a perpendicular

j dipole, *at the dipole location, is perpendicular to the surface; this is also reasonabl

Due to all these, the equation (19) becomes.

z(as) = { 2-a,2 -i ro-(e2 /m)fGs(r , r; )} (el/M) fE (11.21)I o o s a r

with p(as) defined by v. (w) - i(w)z. We see that the image field (included
U --

through GsCra , r W; )) "renormalizes" the frequency and the width of the

upper level (compare to Eq. (8) where the image field is absent).



II.l.D. The final round. Enhancement sources for various spectroscopic

measurements.

§19. Terms containing the electromagnetic enhancement. The theory

is now simple enough and general enough to make it worthwhile to try to

pinpoint possible sources of electromagnetic enhancement. These are introduced

through two quantities, the reflection tensor R and the scattering part CS

of the dyadic G. They have a simple physical meaning. (a) Reflected field

enhancement. The reflected field Er( ; w) is related to the incident field

Ei (w) through r(; w) = R(r;the quantity tells us the extentto which the

laser field is modified by the presence of the surface. In most cases R

is of order unity and no significant increase of the field is observed.

j However for specially chosen surface shapes and solid materialsT has a

resonant behavior at certain frequencies. The resonance enhances the reflected

I field around the surface and a molecule located there is polarized much more

effectively. Another enhancement source in 1is the presence of a large surface

curvature, whichincreases the fieldnearby. (b) Emission enhancement. The quant

aS. ; w) gives the electric fieldw) r s ; dU a caused

by the fact that an oscillating dipole P. located at r polarizes the nearby

I solid making it radiate. ts is the field caused by the radiation of the

polarization charges and currents. In most cases C is of order unity but
s

special surface geometries and well chosen materials can produce a resonance

I G G8. The field t is correspondingly enhanced. We shall see shortly
that- s (r, T; w) affects the fluorescence lifetime while G

sht a CL r d' W)
Smodifies the emission intensity.

In what follows we examine how these enhancement sources act in different

spectroscopic measurements.

J f20. The effective polarizability. Many of the spectroscopic measure-

ments discussed here require knowledge of the molecular polarizability.

I The presence of the surface modifies this quantity in two ways. Binding to

I
• .... .. .-_ ....... . -



surface causes changes of the electronic structure, which affect polariza-

I bility. The dielectric properties of the solid modify the electromagnetic

I properties of the system which also affect the polarizability. In the DL

model the former are incorporated by the choice of the constants w , ro and

1 7. The latter appear explicitly in what we call the effective polarizability.

This is obtained by solving Eq. (19).I
i(a,) fW (W2 2-iwr-e/m~~(~,-
Oa 0 (C a ar; W))

2 / o 4 + (11.22)1
(e2/m)f.(I + R(r; w) Ei(w)

1L -cff(w) k.(W) (H. Z3)

W2 -W2 -iwr (e2/m)Zf W) 1-..f r~ 2/m I 2
- G a r a " eff(r a W. 4)

The effective oscillator strength is defined as

f (r; w) f-{I + R(r; w)}. (11.25)

Two important electrodynamic effects appear in the effective polariza-

bility tensor . One is the renormalization of the oscillator strength,

which comes about from incorporating the reflection tensor into 7fff"

Since R can be enhanced by manipulation of the solid surface (see 119) the

I effective oscillator strength is enhanced accordingly. The other is the

i renormalization of the upper level, by changing both its width and frequency.

3 21. The effect is more clearly seen in the "oversimplified" model

I (318, (Z1)) where

1 1() (W2 -w 2 -A 2 (O-iwreff ()- 1- (e2/m) fEp (11.26)

I with

A2(w) +(e2/m)fReGs(r , s r ; w) (1r.;7)

I
1 -30 -



1 and

r ref f(w) r 0 + (e2/MiI)fjrn9 5 ( 0 ,, r ; w)(11.28)

The resonant frequency is now

______ rffw2j Ws 0 22 (. 29)
0 0

I f >> A(Wo), reff(Wo) The effective width of the level is0 0 ff 0)

r eff ,r 0+ (e2./w ~G-1 r . (11.30)

Clearly both shifts are due to the image field effects embodied in

4) 4.
G s(r ; w) (see Eq. (17) and §15).

I Certain spectroscopic processes (e.g. Raman and Rayleigh scattering)

are carried out under the condition w° >> w. In this case

W2-W2-iwro-(e2/m &' I- I = Wo-2 and the effective polarizability becomes0emf -Gr wo 0

11.(0) ~ e/r2 )f(wM (11. 31)
eff o eff

I In what follows this will be called the static effective polarizability.

In the absence of the surface this is given by (e2/mnw2) and represents the responsI 0
of the molecule to a static electric field or a field whose frequency is much lower than

I §22. Surface enhanced Rayleigh scattering. This is the simplest

1 spectroscopic process in which the light scattered by the molecules is

detected at the incident frequency w. The process is substantially simplified

T if w< <w so that absorption by the upper level is avoided. In this case
0

the molecular response is given by the static polarizability Eq. (31). Combining

I Eqs. (Z) with (20), assumingincoherent scattering, and using Eq. (31) gives

IR r~~( rw f r )i(W)12 > (11.32)
Ra < 'a;d 'eff (' w

We recall (§11,Eq. (4)) now that ad-o +% , whereG is the part
0 s S

which takes into account the presence of the solid surfaces; furthermore

%ff 'a 
+ T (r ; w)) where 7 includes the surface effects. Therefore,
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I Ra contains a purely surface term of the form

8 1 (R , r ; ,,.%{ .?-> 2 (11. 3

both G and R would be zero if no solid surface was present. As we mentioned

in §2 1 bothI and s can be enhanced by proper choice of experimental condi-

j tions. A factor of 10 in Rand leads to a 10 enhancement in the intensity.

122 Surface enhanced Raman scattering. The theory for this process

I parallels that of Rayleigh scattering. The only difference [20] is that the

"Raman dipole" is involved in emission. This is obtained by taking the

derivative of the polarizability with the normal coordinate of interest.

If W << Wo to avoid resonant Raman scattering, we need [2 0 ] only the static

effective polarizability (§20, Eq. (26). Thus, we have

-'RS -RS -i(-W )  (11.34)
11 (t) = VO (W-V)e V

with

4-
-QRS )eqeo.(E -- (T.35)

UCx W V)- 3 eqo 0EP

and

6Q(t) - 6Qe V (I.36)

Here SQ(t) is the normal coordinate displacement with respect to the nuclear

equilibrium position. In the Drude-Lorentz model the nuclear coordinate(20
enters2 0 1 into the oscillator strength T and the level position wo. The

derivatives 3/aQ and a o/Q are empirical parameters. The intensity of Raman

scattering is therefore proportional to

2y,( u{e 6,0. r1 2> -  (H.37)
I rS -"- a E(-(d ; W - W V) -k ( W- e o (Y + Wf 3"7, (W

RS CL oO Q 0 e

The average is over the nuclear displacement Qo and the molecular positions
40

r. In the absence of the surface C s I and R - 0.ao



The electromagnetic enhancement of the Raman signal is again proportional

Ito rn.'(1d, ' ; Wwv)"('; W) 12 and it is roughly similar to the Rayleigh

case. The only difference is that Gs is taken at the detected frequency

W-WV and Rat the incident frequency w. If WV is much smaller than the

width of the electromagnetic resonance than both G (Rd r; W-WV) and

R(r ; w) can be resonantly enhanced simultaneously.

I Note that from a practical point of view it is more convenient to work

with surface enhanced Raman scattering than with the Rayleigh one. The

Ifrequency of the detected photons is different from that of the incident
ones and (except for a "background continuum") there is no signal in the

absence of the molecules.

1 §3. Resonant Raman. We use here a crude theory to evaluate the main

features of the surface enhanced resonant Raman spectroscopy (SERRS).

ISome error is made when we decide to use Eq. (19) (or its

J"oversimplified" version Eq. (ZI)) since in obtaining it we have
.4.

assumed that w o, r 0 and f are time independent. The assumption

Iwas implicitly made while going from Eq. (5) to (16) (or

equivalently,to. (19)). Mathematically this leads to great simplifications

since only values of ga (w) at the same frequency appear in the Eq. (19). This is
t im~E 2 1 ]

not true if r, or f depend on time . However, the dependence of r,

and f on the normal coordinate SQ (and through it, on time) is essential;

owithout it the DL model will not lead to a Raman effect. The way out of the

44
• ". ] dilemna is toassume that F, wo and f are independent on 6Q, solve the DL

equation for U. and then allow r, w 0 and f to depend on 6Q. This "approxi-

mation" causes no trouble with normal Raman, but is not very good as far as

resonant Raman is concerne c20 ]. We use it here, however, for exploratory

calculations and for qualitative discussions. Furthermore, we use the

"oversimplified" model, § 12, Eq. (21).
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We can now compute the derivative ap/3Q and then take w w 0 to satisfy

the resonance condition Eq. (29). "Carrying this out yields:

ai) -- (e 2/m) af + 2wof(3wnI3Q o (r /3Q)]EP = E (12. 38Y
I " Qres iWoreff [Q ireff reff eff )p p

The effective width reff is given by Eq. (30) and Ep is the z-component

of the primary field (see Eq. (3)).

I Numerical calculations indicate that G s becomes rather large if the

particle is close to the surface. Therefore, it will overwhelm r and dorin-
0

ate "L (Eq. 28) ). The leading term in (ap /aQ) is proportional to(Fel) "

elf of res f)

For this reason we expect that the presence of surfaces diminishes the value

of W as compared to the gas phase value. However, by proper choice of

I working cunditions we can increase the value of E (by using a surface with high

p1curvature or one that has an electromagnetic resonance at the excitation fre-

quency. Further intensity enhan-cement can be obtained in emission, exactly like

Jin the case of Raman or Rayleigh scattering (§30 and §21). The intensity is

proportional to (similar to Eq. (37))

I= •~l G(Rd, r ; w-" v).1-( rs6Q 1

d L aQ v Qres o

=Z 1( T'I. ; vw-(L).Ep6Qo1
2 > (II. 39)

Since we use the "oversimplified" model the dipole is perpendicular to the sur-

face. If we chose the working conditions so that the dipole emission excites an

electromagnetic resonance, then r d a r;WW ) and (see Eq

+-f 444 4
G(Rd ,r; w--wv) Gs(R r; W- ). However i is inversely proportional

to G so the enhancement obtained in emission is roughly cancelled by the

decrease of M However, there is still some electromagnetic enhancement left

through Ep which is roughly proportional to I R1 2 . Since w v is small, the incident

photons of frequency w, will excite the electromagnetic resonance, if the

emission frequency w- w v does.

It is interesting to compare this to the electromagnetic enhancement



I

for ordinary Raman scattering. Arguments based on reciprocity theorem
[22]

indicate that IGs1 2 and JR12 are of comparable magnitude. Therefore theis
electromagnetic enhancement of the normal Raman signal (when the system is

j operated on an electromagnetic resonance) is of order 1R1 2 1Gs12 - IRI4 ,

while that of resonant Raman is of order 1R1 2. We find therefore the fol-

lowing rule of thumb: the enhancement factor for resonant Raman scattering

is roughly equal to the square root of the enhancement factor of Raman

scattering. This result is independent of the kind of roughness as long

1as both measurements are carried out at the same electromagnetic resonance
and w0r0 << (e2/m)fImGs and Gs>-G o . The last two conditions mean that the

enhancement is large and the electronic band used to carry out resonant

Raman is narrow. If w r >> (-)ImGs the enhancement factors for Raman and

resonant Raman are of comparable magnitude.

§24. Absorption spectroscopy. There are many ways of describing an

absorption experiment and most depend on the particular geometrical arrange-

ment. For this reason we prefer to compute the energy dissipated per unit

volume and time at a point r in the sample, in a steady state experiment

The energy balance for the system is (MKSA units)

f tx iI) A e 0 + Ij099 + t. JdV (11.40)

Here we consider a small volume %Y of surface S surrounding the point r a

The properties of the liquid (or vacuum) in which the "surface molecules"

are imbedded appear through the dielectric and magnetic susceptibilities

C and lo" The surface molecules enter through the polarization P. At

steady state the first two terms in the right hand side are zero; that is,

the energy stored into the fields is constant. We are left with
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1(ExA).dA, .- . ,v (11-.41 )

which equates two different ways of writing the net energy lost in the volume

V in unit time. At the left we have the difference between the energy entering

the surface and the energy leaving it (x is the Poynting vector, i.e. the

j energy flux). Therefore we must identify

(de/dt) z -i (11. 42)

with the energy stored in the atoms plus the energy dissipated, per unit

time and unit volume.

To simplify matters we consider now the "over simplified" model of

§18. The field acting on the oscillators is the primary field t . From
p

Eq. (26)this is E = (m/fe2 )f W2-W2- 2(')-iwr f}I(t. The polarization is
p 0 eff

P(rL t)= P( ; w)e-W P r (L )ii(t). Here p( a) is the number of oscil-

lators per unit volume at r . Using these equations we have (neglecting

A(W), which is small)

dt 0 effP(t) p a t

Now we can identify the energy Eosc, stored into the oscillator,by recog-

nizing that Va (t)- e6r(t) (Wi)eW t ,where 6 r(t) is the charge displacement

(see 112), and that

dE OSc _d 1m(5r) 2
2(t)" (11.44)

dt " " 2 + MW(6r) 21 0 o

This is the rate of change of the total energy (kinetic plus potential) stored

into the oscillator; using Eq. (44) in (43) gives

-.3,



de f_ 08c iw(m/e2)rffwct)(t)P (1] (11.45)
dt tef"a a a 1

The first term at the right hand side of (45) is elastically stored in

the oscillators and the second term is the energy dissipated. This is the

quantity of interest to us and to relate it to observable quantities we

must period average it. We obtain for the period averaged rate of energy

dissipation:

( )dis - f-lP ra)(m/2e2)r ()2I () 2

= (/2)p( C)reff(W)W2 (fe2/m) E p2 (11.46)"

( 2 -,i,) + e2r2 ff(W)

The rate of energy dissipation is maximum at the resonance frequency

givenbyEq. (29), which in most cases is very close to w0 . On resonance,

the rate of dissipation is

(de/dt) dis = (fe2p (ra)/2m)(JE p 12 /reff(w)) (1.47)

If we operate the system such that an electromagnetic resonance is

excited, both the primary field Ep and ref f are enhanced; Ep through the

reflection tensorl (see §.10) and reff through ImGs(r , r a; w) (see

Eq. (28)). If r is very close to the surface s becomes large. Its

distance dependence is proportional to z 3 , where z is the distance of

the oscillator to the surface. (For very sral values of z [few 1], the

formula for G breaks down!) On the other hand ' tends to decay very8

slowly with the distance (over 50 X or more). In most specific examples,

we find that generally JR1 2 exceeds (-)Im s and therefore the rate of energy

dissipationis enhancedif the frequency Wo at which the absorption occurs is

capable of exciting an electromagnetic resonance. The absorption enhancement

... . . j . . . .... .. - . - - ,,, ,,,, ; . .. . . .. . . . . . . . .. " .. .. . .. . .. ,- ,ll" " , ;
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at 7-8 X from surface is larger than that at 1-2 X since at the larger

distance C becomes small while R is still very large.s

§25. Fluorescence enhancement. We are concerned here with a relaxa-

tion experiment, in which the oscillators are driven by a light source

of frequency w which is turned off at t = 0. We then follow the oscil-

lator emission intensity as a function of time. The surface can modify

both the emission lifetime and intensity.

A dipole driven at steady state by a source of frequency w at t = 0

has the magnitude (for simplicity we use the "oversimplified" model of §18)

11(w; t = 0) = {W 2-W 2-A2 (w) - i1r(W) r 2(e2/n) (. 48)

0 eiff&L) (e/m' o p

Following the field shut-off at t = 0, the dipole relaxes according to

(to lowest order in A/w° and reff/W0)

p(w; t) -; u(; 0))e-iot e- eff (w 0)t/2 (11.49)

The field reaching the detector is

t) e-it ereff (W)t/2 z'¢d' ; ,)o •g( ', o) (11.50)

Some simplifications are required to obtain these formulae but we do not

discuss them here (see §103).

The emitted intensity is therefore proportional to

I - E<j_.G(I ; W );0) 12>e-reff( a
1 at a o

a

Note that in fluorescence experiments the emission frequency wo is not

necessarily equal to the excitation frequency w. If the minimum of the

upper electronic energy surface is shifted with respect to the minimum of



the ground state, then the excitation at the frequency w may be followed

by intramolecular relaxation and subsequent emission at a different frequency

w. In such cases we need a more detailed modelthan the one used here.0

Two oscillators are involved, one which is excited by laser and the other

which is emitting light. The two are coupled by an intramolecular relaxation

rate. The case discussed in text corresponds to one oscillator which has

a resonance excitation at w and emits at w 0, but may be excited with off

resonance radiation w. The qualitative conclusions concerning the enhance-

ment are however valid for both cases.

If the excitation frequency w corresponds to an electromagnetic resonance

E pis enhanced(through R, § 9, Eq. (3) and so is u(w;o). This enhancement contri-
p2

butes tothe ernissionintensitya factor of order IR()i 2 I l. If the emission
eff"

frequency oo coincides with a radiative electromagnetic resonance (these

resonances are fiarly broad so that we may be able to excite the same resonance at

w and wo if w-w is smaller than the. resonance width) the emission is

enhanced through Gs (which is part of G, see § 12, Eq. (4)). This enhance-

ment is of order IG(w)12.

In the most favorable case, when both wand w correspond to radiative

electromagnetic resonances, the intensity enhancement is thus of order

I R(w) 121Gs (w) Iref. However one should not overlook the exponential

-r ( )e eff According to Eq. (28) , r contains a term proportional toeff
4. b

ImG (r, r; w ) (corresponding to the "image field") which may become

very large if the molecule is very close to the surface. Then rf f is large and
ef

e'eff decays extremely rapidly. When the molecule is very close to the sur-

face the rate of decay of the exponentialis faster than the rate of turning off the

driving source (at t=O). Therefore we cannot measure the decay of the fluorescence

signal unless it is shifted with respect to the excitation frequency. If the molecule



l is moved further from surface(.g.N20 A) r is small enoughlocation ra eff

to permit fluorescence measurements and JR(-r; w) G (r ; -) 2r-1 is stilla s CL 0 eff

large enough to give fluorescence enhancement. The enhanced signal (with

the exponential factor removed) is of the same order of magnitude as the

electromagnetic enhancement in resonant Raman spectroscopy (see §23).

Interesting surface enhanced effects can also be observed in steady state

fluorescence experiments. Consider the case in which an upper level, whidh-'is

continuously pumped by a laser of frequency (UV undergoes molecular relaxation

and emits from an electronic level B, with a broad band frequency centered

around 0*B. The absorption process pumping up A is enhanced, as discussed at

§24. The enhancement is substantial if the frequency wA excites an electro-

magnetic resonance. The excitation spectrum of fluorescence (i.e. the

fluorescence intensity as a function of the incident laser frequency) is essentially

proportional to the absorption spectrum of the combined molecule-surface system

and it will strongly depend on the excitation spectrum of the electromagnetic

resonance.

Assuming now that the molecular relaxation rate is unaffected by the

presence of the surface, the enhanced population of A leads to an enhanced

population of B. The emission from B is enhanced in proportion to s(Rd,dO )i.

Furthermore, the emission spectrum will have spikes whenever the emission

frequency equals that of an electromagnetic resonance.

-/0 -



III. The application of the electrodynamic theory to various systems.

111. 0. Introductory remarks.

826. We have now a general electromagnetic theory which suggests that

there are two sources of enhancement: (a) the local field E pcan be substantially

enhanced by curvature effects and by the excitation of the electromagnetic

resonances of the surface. These appear in the theory through reflection tensor

R (r,14(010); (b) the emission of the molecular dipole can be substantially en-

hanced if its frequency is very close to that of an electrom agnetic resonance of

the surface. In that case the dipole near field excites a radiative resonance and

through this mechanism the non-radiative energy of the near field is turned into

radiation by the solid. The emission enhancement appears in the theory through

75(pd, ;w) (see l.

In certain spectroscopic techniques an equally important element is the upper

level width r f(w) or, equivalently, its lifetime r W(L 1. r is always increased
eff effeff

by the presence of the surface and the magnitude of this increase is controlled by

2 -the "image field" through (e /mw)flm G s (r;r;a) (see §20). This broadening of

the upper level diminishes the absorption and makes it difficult to observe

fluorescence (in time resolved, relaxation experiments) if the molecule is very

close to the surface.

In the present chapter we pursue the implications of this general theory by

applying it to various surface shapes, materials and spectroscopic techniques.

* We'll find that the magnitude of the effects mentioned above as well as all their

properties can be radically altered by changing the nature of the solid and its

* shape. From a practical point of view this diversity can be used to attempt to

extend the frequency range in which enhancement is produced and to design

geometries which give a desired enhancement under specified conditions. Since

it is very difficult to prepare surfaces that have specified shape, it is likely
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that it will not be possible to make detailed and accurate comparison between

theory and experiment. Therefore, in testing the electromagnetic theory it is

important to verify its various qualitative predictions on a very large number

of examples. The correctness of the theory will probably be established by

the weight of the "circumstantial evidence" rather than through detailed and

exhaustive quantitative study of one example. For these reasons we present

a large number of cases, including some which are not spectacular in their

enhancing properties.

We must also emphasize that we are not yet convinced that in all cases

the "molecular" effects are negligible. At the present there is little hope that

we can compute the magnitude of such effects with accuracy. Therefore it

* seems that the issue of their relative importance can be settled by studying with

special care those very few systems (if any) that allow exact electromagnetic

calculations and might also be prepared in the laboratory. The presence of

large systematic discrepancies between theory and experiment might then

be an indication of the presence of sizable molecular effects. This explains

why in this chapter, certain systems, which, hopefully, might be amenable

to such a treatment, have received considerably more attention than others.



111. 1. Flat Surfaces.

I1. 1. 1. 1 27. Introductory remarks. The electromagnetic enhancement at flat

surfaces can be easily computed. [23 ' 24] The primary field E is given by the Fresnel

equations and it is roughly twice as large as the incident one. The emitted field

is the coherent sum of the electric field radiated by two dipoles: the induced dipole j and thE

dipole ((w)-l) (f(w) + 1) -Iu. If the former is located at a height d above the

surface (dis much smaller than the wavelength of light) the latter must be placed

at adistance dinside the solid. The emitted field is, roughly, twice that of the in-

duced dipole in vacuum. The dependence of these factors and of the depolarization

ratio on the angles of incidence and detection and on frequency, have been studied

by Efrima and Metiu, [ 23, 24]

111. 1.2 Raman scattering.

§28. For Raman scattering the effects mentioned at §27 combine to an en-

hancement factor of roughly(2 )x2'-16. If the molecule is chemisorbed with the most

polarizable direction perpendicular to the surface, an additional enhancement

occurs. This happens because the primary field is almost perpendicular to the

surface(24 ] and therefore the most polarizable direction is lined up with the field.

In liquids or gases the tumbling of the molecule makes this favorable situation

rather improbable. If we decree that one might thus gain a factor of 2 in the in-

tensity (one cannot calculate this factor without detailed information concerning

the mode of binding to the surface and the tilting motion of the bound molecule)

the total expected electromagnetic enhancement factor is of order 30. Further

enhancement must come from a "molecular" mechanism, i.e., from polariza-

bility changes caused by cheniisorption.

129. In principle, experiments on flat surfaces in UHV are ideal for address-

ing the thorny question of the magnitude of the molecular enhancement. Working

with a good Raman scatterer and no enhancement other than the electromagnetic

factor of 30, one can detect[25] Raman signals from a submonolayer. Usual surface

-q3-
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science techniques can give adequate information concerning coverage, surface

binding sites and molecular position. Armed with all these one can get a safe

estimate of the molecular enhancement. The most serious difficulty is created

by our inability to provide proof that the surface is flat. LEED and optical

techniques can miss small particles lying on surface. The resolution of the

scanning electron microscope used so far in this field(26] is 250 A. Other

methods, like ion or atom scattering or tunneling through a vacuum gap[27]

might be useful but have not been employed. The flattest surface use" so far

for Raman studies[2 6 1 might have 250 1 boulders l/ing on it, which can give

sizable electromagnetic enhancement, making it impossible to separate the

molecular factors from the electromagnetic ones.

§30. The first experiments which attempted to work with flat surfaces

were carried out by Pettinger et.al. [28] They used an aqueous solution of

0. 1 MKC1 and 0. 05 M pyridine anI a Ag(l11)(28ab] ,or Ag(10028a], or a

polycrystallineLJ b l Ag electrode.

Unfortunately, the Raman spectrum of Py could not be observed unless

the electrode was anodized. The anodization procedure consists in an oxydation-

reduction cycle carried out at the Ag electrode. During oxydation Ag atoms are

removed to form a AgC1 film on the surface. During reduction AgC1 is reversibly

decomposed to deposit the Ag back on the Ag electrode. Faraday's law permits

a very precise determination of the number of atoms thus removed and rede-

posited. Unfortunately some complications appear since the intensity-voltage

curves for anodization process with and without Py differ from each other. The

peak corresponding to the AgC1 reduction is the same and is independent on the

number of cycles. However, when pyridine is present a new peak appears which

corresponds to the reduction of an unspecified Ag-Py complex and grows with the

number of cycles.

The Rarnan intensity of the Py signal also grows with the number of cycles. A

signal appears even when less than aAg monolayer is removed and redeposited.

rq



I
A maximum signal is obtained in a cycle which involves 10 Ag monolayers. In

1 going from an oxydation-reduction cycle removing less than one monolayer to

one that removes ten monolayers, the Raman intensity grows approximately

650 times.

I This detailed description is given to make sure that it is understood

that anodization is a disruptive process, both physically and chemically. It is

I generally believed[ Zg ] that redeposition of Ag will form metal boulders on the

surface. This is clearly the case in the experiments carried out by Van Duyne

et.al. [2 61 who studied the same Ag-Py system and examined the surface with a

I scanning electron microscope (SEM). Unfortunately Van Duyne used 20 mC/cm2

which would correspond to 33 Ag layers (300 MC/cm 2 for a Ag monolayer [ 2 8 b ] )

I which is more than what Pettinger et. al. 2 8 ] use. So, one cannot draw from

Van Duyne's work any "hard" conclusion concerning the surface used by

Pettinger et. al. [28] However we feel that at least a propensity for forming

1 boulders during reduction, rather than reconstructing a flat surface, is
demon straed. 

18

To test whether their surface is flat Pettinger et.al. [28carried out electro-

reflctace easremnts[2 8b]
reflectance measurements [ 2 8 which indicated that the anodized surface does not

permit the excitation of the Ag surface plasmon. One is inclined to think that

this would mean that the surface is flat , but we are not absolutely sure

that this is the case. The behavior of the reflectance depends on the type of

roughness and we are not yet convinced that such measurements rule out the

I presence of roughness whose correlation length is much smaller than the

wavelength of light. Some further work needs to be done to clarify this point.

1 §31. The above discussion illustrates two major difficulties: (1) in

electrochemical cells it seems that one has to anodize the surface and this is

a messy process which changes the surface and perhaps the adsorbed molecule

as well. (2) One is not sure that the surface is flat. The first difficulty was

removed by Van Duyne et. al. [26) who demonstrated that one can obtain an

I enhancement factor of 104 by using a polished polycrystalline Ag electrode with



no anodization. This is true for two systems, Ag 0.05 M pyridine 10. 1 MKCIJ 2 0

and Ag 10. 005 M Pt (CN4 10. 1 M SO2- 1  O, and allays the suspicion that the

1observation might be specific to pyridine or CI" ions. Furthermore, SEM measure-

ments indicate that the surface has no asperities of a size larger than 2501.

i However, smaller ones might be present and they could be very effective enhancers. [ 3 |

SSurface anodization with one cycle of 20 mC/cm2 (roughly 33 Ag monolayers

removed and redeposited) creates surface boulders of roughly 500 Adiameter

and enhances the Raman intensity by an additional factor of 100 (to a total of 10 6).

A safe conclusion is that an enhancement factor of 104 is produced by a flat surface

I with boulders of less than 300 A diameter, and an additional enhancement factor

of 100 is caused by the larger boulders.

§32. A very important advance has been provided by recent work in UHV.

I Hemnmainger, Ushioda et.al. [32] managed to obtain the Rarnan spectrum of

pyridine on a "smooth"f Ag(100) surface in UHV. No proof of flatness has been

provided other than the fact that these authors followed a standard procedure for

I polishing Ag single crystal surfaces. There is however an indirect indication

that roughness is not playing a role in the enhancement. Using the ratio of the

carbon to silver Auger intensity Ushioda et.al.[ 32] monitored the surface

coverage. They find that they can see a Raman peak at 1004 cm " I and one at

1032 cm " at 1OL exposure (which corresponds to roughly 1. 5 coverage,

5 according to the Auger calibration). Further exposure does not add to the

intensity of the 1004 cm "1 mode but it does lead to an increased intensity

1 at 991 cm "I and 1032 cm* This suggests that the 991 cm " peak

corresponds to pyridine molecules that are not in contact with the metal, while

the 1004 corresponds to chernisorbed molecules. The intensity of the 1004 cm-1

3 peak indicates[32] that the enhancement factor for the chemisorbedmolecules is 244.

If the surface is flat, the electromagnetic enhancement is around 30124] (see 327)

i so a/ Qf is enhanced about eight times (i.e., 244/30-8.1). This is reasonable

since the pyridine binds to the metal which is an electron rich system.



Furthermore, under the assumption that the surface is flat each

physisorbed layer has an enhanced signal of about 30 (assuming a favorable

I ordering, as discussed in §27). For 100 L (an estimated totalof 10 layers)

the nine layers of physisorbed molecules should have a peak intensity for
* -l

the 991 cm line of 9 x 30 -270 times larger than the gas phase intensity
-1

for the same layer thickness. Since the 1004 cm peak is enhanced 244| -1

times, the intensity of the 993 cm peak at 100 L exposure should be some-

i what (but not much) larger than that of the 1004 peak. This is confirmed by

measurements. Therefore, the data is consistent with a molecular enhance-

I ment factor of 1.8 for the first layer and an electromagnetic and orientational

factor of 30 for each layer. [ 23, 24]

If the enhancement was caused by "boulders" lying on the surface, the

behaviour of the Raman spectrum would be different [ 3 3 , 34) (see 111.5). If

the boulders are large, the enhancement extends at a large distance from the1[33 -I
surface [3 3 and the Raman intensity of the 991 crn peak would be much

I larger than that observed by Hemrnminger et. al.J321 If the boulders are small,

the enhancement is short ranged but it is very large (34 ] and the Raman intensity

1 of the 1004 cm " I mode should be enhanced by more than 244 times and be

much larger than that of the 991 cm peak. Based on these qualitative argu-

ments we conclude, that the data of Hemminger et. al. 3 2 ] is consistent with

3 the assumption that the surface is flat. Unfortunately, there is a discrepancy

between Van Duyne's result of an enhancement factor of 104 and Hemminger-

Ushioda's factor of 244. The absolute calibration of the intensity is a notor-

iously difficult task so these numbers might not be accurate. There is also a
I possibility that some differences exist between the enhancement in electrochem-

ical systems and in UHV ones. Or it may be that the "flat" surfaces have a

different degree of roughness and that is the cause for different results.

Furthermore, we have approached the whole issue from the point of view of the

elect roma gnetic theory. The model proposed by Otto,[ 5 1 in which single silver
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atoms located on the Ag surface play an important role, may also be used to

I rationalize these discrepancies.

§ 32. Very recently Campion et. al 3 have obtained the Raman spectrum

of nitrobenzene on Ni (1ll). They observe only a minor enhancement consistent

j (within the limits imposed by difficulties in accurate intensity calibration) with

Efrirna-Metiu [24] calculations. Since Ni is not a good enhancer the presence of

some accidental roughness should not have a very large effect. Therefore'it is

Ilikely that Campion et. al. [33] have observed the Raman spectrum of a monolayer

with no molecular enhancement and only the "minor" electromagnetic enhance-

ment discussed in Ref. 24. This development is a remarkable achievement, not

only for its obvious chemical applications in surface science, but also for its

potential of making a great impact on the understanding of SERS. We can now

I study the Raman spectrum of molecules adsorbed on all metals, for all surface

preparations. Prior to this we were confined mainly to Ag Cu or Au, roughened

I to increase the signals above the limits imposed by insensitive detection schemes.

111. 1. 3 Fluorescence.
933. The modification of the molecular fluorescence by the presence of

flat solid surfaces has been reviewed by Chance, Prock and Silbey. [ 6 1 When

the molecule is close to the surface the fluorescence lifetime is shortened

Isince the image dipole term (e 2 f/m%)rinG8 is added to the natural width r
0

g (see §20, Eq. (28)). Experimental studies of lifetime dependence on the

distance to the surface[ 371 provide a detailed confirmation [34] of the validity

of the electromagnetic models on which this review is based. It is however

clear that the image model must break down as the molecule- surface distance

is diminished, since it predicts infinite fields for very small distances. Recent

exeiet [3-4 have attempted to diminish the molecule- surface distance
to study the details of this break down. Calculations based on a microscopic

L. electron gas mnodel 1 5 8  (see Ch. IV), which remove some of the approxima-

tions that are responsible for the break down of Maxwell equations, have



I predicted[45, 46] that the image dipole formula holds for dipoles located at a

distance of roughly 101 fromthe surface. The number depends on the emission

I frequency, the nature of the metal and the assumptions of the model. With one

exception[ 4 2 ] the experiments[3 6 "4 1] tend to substantiate this prediction. How-

ever Brus and Rosetti[42] find that the image formula seems to break down when

the molecule is located at distances of less than 125 A from the surface. The

measured lifetime for distances less than 125 1 is larger than the one predicted

by the image formula. It is difficult to attribute this effect to roughness since

one would expect [ 4 7 ] that the lifetime on a rough surface is shorter than the one

I expected for a flat surface. We feel that the results[ 4 6 ] might be erroneous,

due to experimental problems with the determination of the molecule surface

distance, combined perhaps with the fact that the surface is rough.

I

I.

I

I•
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I1.2. Methods of exciting the surface plasmon to carry out SES.

S111. 2.1 General remarks.

i §34. As we have emphasized in Section II, the electrodynamic resonances

are the key to the understanding of the electromagnetic theory of enhanced

Ispectroscopy. When the incident field excites a resonance the molecule feels an

enhanced electric field and has an excess polarization. If the molecular dipole

I emits at thefrequency af a radiative electromagnetic resonance, its emission is

brighter. Finally, the non-radiative electromagnetic resonances can lower

substantially the life time of the emitting molecular dipole by taking energy from it.

I The electrodynamnic resonance sustained by a flat surface is the surface

plasmon. 0 This is a surface excitation which corresponds to an electric field

wave moving along the surface. The wave is evanescent, in the sense that its

Iamplitude decays exponentially along a direction perpendicular to the surface.

Its frequency w and parallel wave vector ksp are related through the dis-

persion relation [ 5 0 ]

(k P) (W/c)" Re C(w)[1 + Re c(w] - 1 (111. 1)

(we assume that one of the media bordering the interface is vacuum).

UThe electric field near the surface would be substantially increased if the

Isurface plasmon could be excited by the incident light. However, this is not

possible since the photon dispersion relation ph = (&/c)sin 9 (0 is the angle of

I incidence with respect to the normal to the surface) is such that for any w we

have ks p X k1 h. The excitation of the surface plasmon by the photon would violate

momentum conservation, and it is therefore prohibited.

l To excite the surface plasmon we must try to bypass this con-

straint. This can be done by various procedures. (1) By choosing

Icarefully the medium that is in contact with the metal surface we can

modify the momentum of the incident photon, so that it matches that of the

7 -
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I plasmon. Various experimental arrangements which do this are collectively

called here Attenuated Total Reflection (ATR) methods. They are discussed in

Section 111.2. 3.

(2) By changing the shape of the surface into a grating we can use

diffraction to change the photon momentum from kph_ (w/c)sin6 to

,,ph + (2irn/L) = (w/c)sinO + (2n/L), n = 1, 2, 3, .... At a given frequency

and grating wavelength L we can vary the angle of incidence so that the

I parallel momentum of the diffracted photon matches that of the surface plasmon:

kiP(w) - (w/c)sinO + (27tnIL). Now momentum is conserved and the diffracted

photon is allowed to excite the plasmon.

(3) We may choose to roughen the surface randomly so that momentum

conservation is no longer required (parallel momentum conservation is a con-

I sequence of the tranlational invariance in direction parallel to the surface;

roughening suppreses this invariance). The plasmon can now be excited and the

consequences of this procedure are outlined in Sections III.2.4. and 1I.2.5

3 111.2.2. Surface enhanced spectroscopy on gratings.

135. Introductory remarks. The interest in gratings is by no means

recent. Rayleighl51]developed a first order perturbation theory which solves

3 Maxwell's equations and provides expressions for the electric field near a grating on

which we shine light. Recent work[52 - 55] in the physics literature uses either

3 Rayleigh's method[52-53] or an equivalent procedure based on Green's funtionsj 54]

SThe current status of the theory has been extensively surveyed.56]

In the areas of enhanced spectroscopy there are three aspects of the

3electromagnetic theory that must be considered. We would like to know (a) under

what conditions one can enhance the primary (i.e. the reflected) field (§10)

3 and what is the magnitude of the enhancement. This problem has been considered

by Jha, Kirtley and Tsang8 "71  (b) We are interested in 'the magnitude and the

properties of the enhanced emission (§11) and this has been considered by

I Aravind, Hood and Metiu. 5 8 1 (c) The problem of image field for an oscillating
'-5 - ._
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i dipole located near a grating, has not yet been discussed. As a consequence,

we do not have a theory of the fluorescence life-time for a molecule emitting

near a grating. It is, however, fairly straight forward to adapt recent work

I of Rahman and Maradudin[59 ] on electron scattering from rough surfaces and

give a perturbative solution to the lifetime problem.I
The experimental work has been carried out on holographic gratings

made on photoresist and covered with a thin Ag film. The SER spectrum[6 0-62 ]

and the fluorescence [6 3"6 4  of molecules deposited on Ag have been measured.

I §36. From the point of view of the theory, a grating provides a system with a

well defined surface for which we can compute the electromagnetic effects fairly

I accurately. The gratings canbeused in UHV and this allows better control of

surface cleanliness. Or they can be used in solution or at the solid-solid

interface, and this increases their usefulness. Recent work at IBM, Yorktown

162 6
Heights has used gratings with such a long wave-length (10,.000 A) that the

grating surface had large single crystal patches. This provides an opportunity

I of doing enhanced spectroscopy on single crystals. Finally, since the enhance-

g ment is long ranged one can hope to do enhanced spectroscopy on systems whose

dielectric properties are not able to give a large enhancement. For example,

one might obtain the SER spectrum of molecules absorbed on small metal clusters,

which are located on top of Ag gratings which provide the enhancement.

I The gratings have two disadvantages that should be kept in mind. It has

I not yet been clearly established that the surface of the grating is smooth.

Silver "boulders" may exist on the grating's surface or the grating's profile

I might have small random mountains and valleys. These will contribute to the

enhanced spectroscopy in a complicated manner that would make the theoretical

analysis as difficult as on poorly defined rough surfaces. Finally, on the

I practical side, the enhancement obtained on gratings is comparable to that

I
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I
I of ATR and smaller than on other systems.

III.Z.2.a. The calculation of the primary field

§37. The geometry of the system and the main equations. We consider two

semi-infinite media, one called the metal and the other the vacuum. The di-

electric constant of the "metal" is C(W), and it is complex and frequency depen-

dent. The interface profile (Figure 1) has the period L in the y-direction

and it is unchanged in the x- direction (perpendicular to the paper plane).

The shape of the profile is given by the equation

l
z = f(y) = f(y + L) (111.2)

I Here the z-direction is perpendicular to the mean grating surface and points towar

the metal. We discuss the general theory of this system only briefly, in order

to set the stage for explaining the perturbation theory and applying it to

sinusoidal gratings. Since f(y) is periodic it can be expanded in a Fourier

series

z g iKnY (111.3)n n
e

with K n 2in/L. For a sinusoidal profile we have
n

I z = a sin (2ry/L) (11. 4)

I and the -efore,En ' (a/2i) for n = 1, n -(a/21) for n = -l and &n = 0 for

n # +1. Here a is the amplitude of the grating. In order to compute the

electromagnetic properties of this system, we must solve Maxwell's equations
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I for harmonic fields:

I ~ ~ ~ ~ ~ 4 V Vx~(;)- 2/C2) e(W;-) -" (-";W) =0,(1.)
I Vx~x,. +r w - (Wr -- o, (in .S5)

;W) = (f/iw) V x E(r;W). (1II.6)

and

I V . E (r ;) = 0, for z + f(y). (i1. 7)

We use the notation

C(w;r) = E(w) e(z-f(y)) + e (f(y)-z) (M.8)

where e(x) = 1 for x > 0 and e(x) = 0 for x < 0.

Furthermore, the field must satisfy the usual boundary conditions,[11]

-requesting the continuity of the normal components of D and B and of the

4. + _+

tangential components of E and H (in our case H = B ). We write here only one

boundary condition, namely:

n12 -, (1.9)

I which we need in order to illustrate certain points concerning the calculation.

i Here n12 is the unit vector perpendicular to the surface, directed from the

medium I to medium 2. D2 and DI are the displacement vectors in the two media.

1 §38. ',The electric fields. The strategy for obtaining the solution for

E consists in identifying physically the main fields, expanding them in the

appropriate basis set and using Maxwell's equations and the boundary conditions

I

I



to determine the expansion coefficients.

J In vacuum the electric field is

E (r;) = Ei(;;) +E ;, +E +Ed(r;w), for z < f(y), (II. 10)

where Ei and Er are the incident and the specularly reflected fields. They

can be written as (for z < f(y))
*r eik.Lz

i ( r; w) + r(r; =[w) ek E) + Fr,e -  J. (111. )

The parallel momentum has the components

I k x (=W/c) sine cos 0 (111.12)k~,x

and

I =(W/c) sine sin 0 (111. 13)

and the perpendicular one is

I kL = (w/c) cosO. (II. 14)

Here 0 is the azymuthal angle.

I The amplitude Ei(w) is determined by the intensity of the incident laser, while

Er (w) is as yet unknown.

The diffracted wave Ed must satisfy the Floquet-Bloch theorem,[56
' 65] because

I the surface is periodic. This means that

Ed (x,.y+ L, z;-) ei,,y E (x,y,z;w) (I. 15)

I Therefore, we must expand the diffracted field with respect to a basis set

that automatically insures the validity of Eq. (15). One possibility [ 5 1  _

I is

Ed (r;) (w)eikl, eiKny e (111.16)

d
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I with K = 21rn/L and n ± ±1, ±2. .....n

J The quantities 1n and En are unknown functions of a, to be determined from

Maxwell's equations and the boundary conditions. If rn comes out imaginary,

we get an outgoing diffracted wave. If r is complex or real, we get an

evanescent wave (surface plasmon). In this case, we must have Rern(w) > o.

so that ez) 0 as z -) c.

I One can make similar assumptions about the transmitted wave, penetrating

inside the metal (z > f(y)):

4I Me~ ik. rr1 * Ky-Y( w = " e- e6n~ne n !- f (III. 17 )
m(r;w) =t e- " + E n(w)enY e e

By requesting E of Eqs. (17) and (10), (11) and (16) to satisfy Eq. (5)

inside the metal and in the vacuum, we obtain

X - (w/c)2  (1r2 i.8)
n n

2

I - ~~(W/C) 2F(W)=(I.19

and

2 - (W/c)2e(W). (1.0

with

X n = + K) n (kll + 11' n,~l

The condition for obtaining an evanescent wave in the vacuum is

j Xn.- (W/c)2 > 0, which gives a real value for r

The use of Eq. (7) provides relationships between the amplitudes of

various waves, which force them to be transverse. These equations are not

'i given here.

1 '-5'-



I §39. The calculations made so far are straightforward. However, when

! we try to use the boundary conditions, we run into some difficulties which

we circumvent by using perturbation theory. It is possible to use non-perturbative,

I "exac' numericalmethods and this directionis currentlybeing pursued.[6 6 ]

One difficulty appears because the unit vector normal to the surface, n(y),

varies from point to point on the grating surface. Using simple differential

geometry allows us to derive the equation for the components of

n (y) - (n , n y, n ), namely n =O, n = [l+ f/by -/  and

n.= - (bf/by) [1+Bf/By "

I The vector n (y) defined above is oriented from vacuum towards the

metal. The boundary condition (111. 9) gives

n i(y) • () Em (x ,y , f(y); w)] = n E (xyf(y); y-) (111.22)

We see that this relationship is highly non-linear in f(y), because of the presence

of n(y) and because the expressions (10)-(16), for ,Vo and (17) for

Em ' place f(y) at the exponent. The Eq. (22), and the similar ones given

I by the other boundary conditions, provide us with a system of equations

i from which we must extract En E(w), , r ) and E (w). A little

contemplation of Eq. (22) can convince one that the nonlinearity in f(y)

j makes life difficult.

However, if we assume that f(y) and af/ay are small, in some sense to be

established later, we obtain a considerable simplification of the problem.

I,I
I
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Consider, for example, Ev(x,y,f(y);W). The coordinate z - f(y) appears

in the exponentials eikLz = eik-Lf(Y) and e-ikL f (Y ) (in Eq. (11)), as well as

in exp (r f(y) (in Eq. (16)). We replace these by 1 + ikf(y), I - ikf(y) and

1 1 + rnf(y), respectively. This is reasonable only if IkLf(y)l <<,I and Irf(y)I << 1

for all values of y. If we use the Fourier transform of f(y), given by Eq. (3),

these conditions become n k I << 1 and Ir ml << 1, for all values of n and m.

For sinusoidal gratings they give (k a/2) << 1 and IrTa/2 1 << 1, for all n.

The derivative af(y)/ay appears in n(y), under the square root sign. If

laf/«yl << 1 for all y, we can expand the square root so that the boundary

I condition is linear either in f(y) or in 3f/ay. The condition Iaf/ayl << 1

for all y is equivalent to I21T tn/L I <l for all n, which becomes (Iia/L)<< 1

I for sinusoidal gratings.

To summarize, the simplifications brought about by perturbation theory

are possible if, roughly, the height of the sinusoidal grating is smaller

than the wave length of light, than the wave length of the grating, and than the decay

length r -  of the evanescent wave.
n

940. Expressions for the vacuum field. After making the expansions

suggested above, we obtain simplified formulae for the fields given by the

expressions (10), (11), (16), and (17). Inserting these in the boundary condi-

Itions yields equations from which we can determine all the unknown ampli-

tudes. We quote here only those results that we need in order to illustrate how

the resonances in the primary field can be used in surface enhanced spectroscopy.

It is useful to chose a system of unit vectors that will allow us to dis-

tinguish easily the p- and s-components of the electric vectors t. We useAI
~ z for a unit vector perpendicular to the xoy plane. This plane is the flat

mean surface of the grating. The second one is ui - Ii I which is the

projection of the incident wave vector on the plane xoy. The third is

A AI x z, which is parallel to the surface and perpendicular to the plane



of incidence. Of course, z and kjf are contained in the plane of incidence.

We can write any electric vector E (a E i, r, n or t) or E in the form

I Ea=E (k X z) + EP k11  + E&LZ (11.23)

Here E s is the electric field of the s-polarized wave and Ep and EP
a a., U aL

are the components of the p-polarized wave.

! As an example we give the expression of E and EP which are the diffracted

wave amplitudes E s and En', respectively, for n = 1. The amplitudes for n # 1
n n

are zero since the perturbation theory used here corresponds to a "single

I scattering" theory (Born approximation) in which the light beam and the grating

interact once. Second order perturbation theory gives non-zero results for

E2, etc.

We have
[5 1' 55, 57]I

EP =2(a/2i) Kjkyl(l - E(w)) [k,, (er + )-*"

{(6(27r /L)ki, + (w)ki KIS 1) (EW)ki + i) " E ,  (111.24)

-ik11 (kil x K')z (kz + i) E u

I[ Ep  = (ulj/K, ) EJ., (1.25)

and

I /c)2 akj.(l-E(W)) [k, (rj + Io i- 1 { (k, x to) (r-k.L +1 1r

1~1 1~ (k o)

+ ik( K1  (k + t)-E).26)
I A

The amplitudes of the waves reflected specularly, that is Er and E , are given

I by the Fresnel equations for a flat surface. As is well known, they do not

contain any resonant behavior and lead to the "minor" enhancement discussed in

1 Section 111.1.
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§41. Resonances in the refracted field. We can find whether we can

Iresonantly enhance the field in the vacuum by examining the denominators appear-
ing in the amplitudes of the refracted waves. For p-polarization, we use

Eq. (24) and consider the term

Ip - (I- )yI / (CrI + y).

I which appears in the expression for Ep  . We multiply I with
1,z p

i = -- y (er _ y ) and use Eqs. (18), (20) and (21), to obtain

2 2 2 -1

IP = (Y - er )r' {'K (E + 1) - (W/c )C} . (i1i.28)

This has a resonance when

2 2 2

KI (W /c ) Rec/(Rec + 1). (IIn.29)1
comparing to Eq. (1) we find that the resonance condition is eouivalent to the

requirement that K equals the parallel monemtum k of the surface plasmon.

According to Eq. (Z1) I is the parallel momentum of the diffracted photon,

since K, - K 1 4, Using Eqs. (13) and (14) and l=(2W/L)9 (9 is the unit

j vector in the y-direction) we can write the resonance condition (29) as

2 1
(A/L) + 2(X/L) sinGsintv+sin2 6 R: C(W)[Re C(W) + 1] "  (111.30)

For a fixed frequency (in most cases, the frequency is one of the four lines

of the Ar+ laser), given material (i.e. given c(w)) and grating (i.e. fixed L)

we can vary the azimuthal and polar angles of incidence (i.e. e and 0 respect-

ively) of a p-polarized incident beam, until Eq. (30) is satisfied. When

1 this happens the refracted field is enhanced and so is the spectroscopic signal

(e.g. SER) from molecules located near the grating.

It is intuitively clear that whenever a resonance is excited, absorption

I occurs and the reflectance goes down. Therefore, the result found here can

-Go
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be formulated as a simple rule: the illumination conditions that produce a

dip in the reflectance must produce a peak in the Raman excitation spectrum.

This statement has been verified experimentallyJ
6 0-62]

I 42. We see that on resonance the quantity I (hence Eand Ep , )is in-

versely proportional to Im c, which is typical of almost all electromagnetic

I resonances. A material provides a large enhancement if it has, at the

resonance frequency, a small value for Im C((res).

§43. The excited wave (surface plasmon) is evanescent if r is positive.I

This can be seen from Eq. (16) in which z < 0 corresponds to vacuum:. Using

the definition (19) of r and the resonance condition (29) we find that

on res. -(L2/C2) [1 + ReE]' (111.31)

The wave is evanescent if Re e < -1. If Ree is smaller than but closer to -1,

I the value of r is larger than the inverse-wave vector of the incident light.1
0

For aAg grating I is of order of 1000 A or less. This long range is typical for

most of the electromagnetic resonances and it is frequently present for surface shapes

J other than gratings. It plays an important role in identifying experimentally

the existence of an electromagnetic enhancement.

I §44. It is interesting to note that according to Eq. '24). the resonance

in EPI can be excited by both s- and p-polarized light. In principle, this

permits a rather detailed test of the electromagnetic theory. One can

I compute the Raman intensities for s- and p-polarized incident radiation

and then measure their ratio on the same sample. In a given system

I (i.e. grating and molecules), this ratio depends on the azimuthal and

Ipolar angles of incidence and the incident frequency. If the Raman scattered

light is collected over a wide angle and its polarization is not measured,

I then the result for the ratio reflects mainly the properties of the pri-

mary field as expressed by the equations (24) through (26). Detailed



measurements of the angular distribution and polarization of the scattered

Iphotons will superimpose on this the properties of the emission of the Raman

dipole, as modified by the presence of the grating. The effect of this emission

modification on the intensity of Raman scattering has not been worked out in

I detail. Obtaining it and using it to test the theory would be a simple, worth-

while addition to the existing work.

I In spite of the lack of a detailed theory that includes emission effects, one

I can use the existing equations and make some simple qualitative predictions. From

Eq. (24)one can see that if 0=900 (i.e. the angle of incidence is such that the wave

vector is perpendicular to the grooves of the grating) then (kii x K l)z = 0 and

Ep  and Ep  are independent on E1 - If we use an s- polarized beam

(Es # 0 and - 0), we have 0 and 0. But Es does not have a
1 I

j resonant behavior, therefore, when we vary 6 the SER intensity does not peak

and the reflectance does not dip. If .0= 900 and the incident field is s-polarized,

then ( X K) 0 and Ep depends on .. The proportionality factor between

1 these (Eq. (24)) has a resonant character and the SER intensity dependence on

e peaks when the reflectance dips.

One can also infer[58] (§52) that the intensity of the s-polarized Raman

scattered photons does not have a peak with respect to the polar angle of

I detection 0d if the azimuthal angle of detection Odis 900. There will

I be a peak in the intensity of the p- polarized photons even if 0d = 900. At

d < 90% both the s and p- polarized Raman intensity have at least one peak.[58]

I 145. One should keep in mind that the conclusions reached so far are subject

to the limitations imposed by the use of perturbation theory. For quantitative agree-I
ment, we must have a/L << 1, aX << I (X is the wavelength of the incident

light) and r a << 1.II
If this is the case only the diffraction peak n I is important and

1 the theory computes it accurately when we operate the system far from the

resonance frequency. Even if the conditions discussed above are satisfied,



the resonance position and width are computed only approximately. The theory

I predicts that the resonance occurs at the frequency of the surface plasmon of

the flat surface. However, the plasmon "collides" with the grating and both

I its frequency and width (life time or mean free path) are modified. If we

compute the evanescent field to order a (therefore the intensity to order a2)

we should also include the plasmon shift and width to order a
2.

I If we think of the plasmon as an elementary excitation interacting with

the light through a grating, we must compute both its oscillator strength

(which we do) and its self-energy caused by the interaction with the grating

I (which we do not). The real part of. the self-energy is the shift in the

flat surface plasmon frequency caused by grating; the imaginary part gives the

I shift of the plasmon width. Such calculations are availablJ67] in a different context,

and we do not review them here. One shouldkeep in mindthat the real plasmon is

broader than the one appearing in this simple perturbation theory, therefore, the

J enhancement is smaller than predicted. If the grating problem is solved "exactly"

by using numerical methods, [ 6 6 1 the limitations mentioned above will disappear.

1 §46. Dipole emission near a grating. The theory of SERS on gratings is

stillincomplete since the effect of the grating on emission has not been taken into

1 account. Emission calculations have been carried out by Aravind, Hood and Metiu [ 8 ]

Jand their results indicate that the effect is substantial at special detection angles

at which the surface plasmon, driven by the near field of the Raman dipole, radiates

I However, their(5 8 ] calculation has not yet been incorporated into the theory of

the Raman scattering. For this reason the existing comparison between theory

and experiment will have to be re-examined when the full theory is completed.

-
I
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147. SERS experiments on gratings. There are a number of experi-

mental papers concerning Raman spectroscopy of molecules deposited on

1 gratings. The first paper, by Tsang, Kirtley and Bradley, [ 6 01 used a com-

mercial grating on which a tunneling junction was deposited. This consists of

1 an Al layer obtained by condensing Al vapors on the grating. The layer is then

iioxidized to form Al 2 0 3 . Then 4-Py COH is deposited on A12 0 3 and a thin Ag

film is condensed on top of it. The Raman spectrum is obtained by shining

1 light at molecules through the Ag film which is so thin as to be practically

transparent. The Raman emission is collected over 900 as it comes out through

1the Ag film.

i These experiments, even though carried out on a system that differs from

that used for theoretical calculations, have reached some important conclusions.

By using an incident p-polarized beam having k,, perpendicular to the grooves

(i.e. k-= (0, k ) they demonstrated an increase in the Raman intensity by a factor of

20 when the incidence polar angle equals thatat whichthe reflectancehas a dip. If

.k~ is parallelto thegrooves andthe beamis p-polarized, the enhancement goes

down. For k 0 perpendicular to the grooves and an s-polarized beam the Raman

1 intensity is independent on the angle of incidence. The same qualitative conclu-

sions have been reached by Girlando, Philpott, Heitman, Swalen and Santo[6 1)

S who used a sinusoidal holographic grating on which they deposited thick Ag films

01 (3000-4000 A), to make the system resemble closer the one used by the theory.

The grating had a height of 163 1 and a wavelength of 4507 1, so that the per-

" ] turbation theory should give adequate results. The Ag film was covered with a

thin film of polystirene whose 1000 cm "I Raman band was monitored. The Raman

intensity went up by a factor of 80, as the angle of incidence reached a value at

J which the reflectivity had a dip. There was no angle dependence for an s-polarize

beam whose k was perpendicular to the grooves (Figure 2).

948. The difference between the two experiments are by no means

_1 sk
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worrisome. Both systems might have some additional roughness, since there was

a SERS signal even when the plasmon was not excited through the grating. This

extra roughness damps the plasmon and makes the enhancement correspond-

1ing to resonance angle smaller than the prediction of the theory. The
l damping might be different for samples prepared differently.

Furthermore, the system- used by Tsang et.al.[6 0]consist of layers and

1 the plasmon field extends over two or more layers. For example, it may extend

over the Ag and the Al-0 layer, in the tunneling junction. The dielectriccon-

stant of Al 0 has a larger value of Ime than Ag and therefore the Al 0 layer
2 3 2 3

1 damps the plamon more effectively than if the.whole system was made of Ag.

These two observations might explain why the enhancement in the two experi-

ments is different.

§48. The most recent experiments with gratings have been carried out by

Sanda, Warlaumont, Demuth, Tsang, Christman and Bradley They have used
0 01a sinusoidal Ag grating with 10,000 A wavelength and 1000 A height which had

K along the (110) direction of the crystal (K is perpendicular to the grooves).

The peaks and the valleys of the grating are so smoothb that 900 of its surface

is made..of Ag(1l1) terraces. The crystal was covered with Pyin UHV and the

coverage was monitored with UPS.

The Raman spectrum of Py was taken in a back-scattering geometry at a

collection angle of 45*. The dependence of the Raman intensity of the

-1
990 cm symmetric ring breathing mode of Py on coverage was measured. It

was found that if the angle of incidence is chosen to excite the surface

plasmon, the enhancement of the Raman signal for the molecules in the first

layer is 6104, while that for subsequent layers is -102. The coverage depen-

dence can be transformed into a distance dependence (by assuming a pyridine

packing like in the Py crystal), which is found to be in qualitative agreement

with the electromagnetic theory. -("5-
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A quantitative fit of the data required the addition of a "molecular"

enhancement mechanism, proposed by Jha, Kirtley and Tsang!5 7] for the mole-

1 cules located at the surface. One should keep in mind that the electrodynamic

theory used for fitting the data[57 s incomplete since it does not include

the emission effects. Furthermore, some other kind of roughness might be pre-

sent on the surface, whose role is not taken into account by the calculations.

Therefore, the conclusion that there might be a molecular enhancement for the

1molecules in the first layer is very interesting but still questionable.
There is no doubt, however, that the qualitative features predicted by the

e.m. theory are experimentally present.

§49, The study of SERS on gratings is theoretically very important,

since we have a chance to deal with a controlledformof roughness. In principle, such a

system will permit us to separate quantitatively the magnitude of electro-

magnetic effects from the molecular ones. This can be achieved only

- if some further progress is made: (1) we should experimentally insure that

no undesired roughness is present on the grating's surface; (2) we should

use non-perturbative solutions of Maxwell equations for both the primary

field and the emission problem. It is especially necessary to "renormalize"

the plasmon (i.e. to allow its interaction with the grating)i (3) the

grating should be thick enough so that the theory for a semi-infinite metal

applies. Or better yet, the theory should be worked out for layered struc-

tures. The latter produce more diverse physical phenomena and introduce more

experimentally known parameters'(i.e. thicknesses of various films, their

dielectric constants, etc.) whose variation allows a test of the theory;

(4) the influence of the adsorbed molecules on the surface plasmon should be

included in the theory, especially when many molecular layers are studied;

(5) there is much information in the dependence of SERS intensity on the polar
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and azimuthal angles of incidence and detection, and on the polarization of

the incident and detected light. The theory could make very detailed pre-

1dictions which should be tested.

j 350. Fluorescence by molecules located near a grating. As we have

already explained in 3Z5 the theory and the practice of fluorescence depends

j on whether the experiments are carried out at steady state or if relaxation

measurements are performed. In the first case we are basically interested

1 in the emission intensity and the quantum yield. In the second case the

1 intensity enhancement and the lifetime are the parameters controlling the process.

The lifetime depends on the magnitude of the imaginary part of the image

*field acting back on the molecule. This has not yet been computed for a grating.

The enhanced emission has been examined [58]

§51. An emitting dipole placed in the neighborhood of a flat surface

couples to the solid and transfers energy either to electron hole pairs or to

the unretarded surface plasmon (at frequency given by c (w) = -1). The life-

time is always shortenedE3 6 ' but the effect is most dramatic when the dipole

couples to the plasmon. There is little intensity enhancement, mainly a

"minor" effect caused by the fact that the emitting dipole has a reasonably

good mirror behind it.

In discussing the general theory of emission we pointed out that this can

be enhanced if the dipole couples to a radiative electromagnetic resonance of

the surface. Ona flat surface the only resonance to which the dipole couples

is the unretarded plasmon which is not capable of radiating. As a result, this

coupling is a very effective energy loss mechanism which quenches the fluorescencl

If agratingis created on the flat surface, the plasmon can radiate and some

of the energy whichthe dipole transferred to it is recovered as radiation. For a

dipole located close enough to the surface it is the dipole near field which interacts

stronger with the plasmon. The near field energy, which is not radiative, is



thus transferred to the surface plasmon, which can now radiate it through

the grating. Parallel momentum conservation will very narrowly confine

the angle of this emission. The grating is thus a device which transforms

the nonradiant energy of the dipole near field into narrowly directed photon

beams. Thts, a substantial emission enhancement results at well defined

detection angles.

1§52. This fluorescence mechanism was proposed and computed by Aravind,

Hood and Metiu. [5 0 They considered a dipole perpendicular to xoy plane and

computed its emission by using a perturbation theory in which the grating

height is assumed small. This is basically the same type of theory as the one

used for an incident planar wave. The difference comes from the fact that

the dipole field, which in the present case plays the role of the incident

field, is more complicated than a planar wav~ei

Numerical calculations indicate that the emission has angular

resonances which can be observed as sharp intensity peaks appearing when

the polar angle of detection 8 is varied, at fixed values of the emission

frequency and of the azimuthal angle of detection 0. Few examples are

shown in Figures 3 and 4.

The calculations point out the following qualitative features:

(1) At small values of 0 and w there is a double resonance at two values of

the polar angle 0. The peak located at the lower 0 value disappears if

either 0 or w are substantially increased. The resonance conditions can be

obtained by inspection of the poles of the Green's functions propagating the

(58)
fields. For Ime << Rec, which is true for Ag in the frequency range of

interest here, the resonance condition is given by Eq. (30), with slight



modification:

2 2 -

(Xn/L) + a(An/L) sinO sin'0+ sin 8 = Res(w)[1 + Ree(w)] - . 1(11.32)

We have inserted here the integer (n = 1, 2, 3, ...) which does not appear in the

first order theory used to obtain Eq. (30) which is the result of a "single scattering"

theory (only n = + 1 appears). The parameter a (with a = +1 or -1) takes into

account the fact that the diffracted field momentum is the photon momentum

plus or minus a multiple of the grating parallel momentum.

For n - I and a = +1 or -1, the Eq. (32) can have one or two solu-

tions satisfying 0 < 0 < 96O . Two solutions appear if 0 < 0 with 0 given by:

2 -1
sin 0 = {i - [Re E(W) (1 + Re s(w))-  (X/L) ]}[2(X/L)] . (111.33)

c

This explains the presence of the double peaks in Figdres 3 and 4. The

peak at lower 8 corresponds to aL = -1.

Obviously, the same analysis can be carried out for n> I by replacing L
-1

with (n/L). Additional peaks, not predictedby the first order perturbation theory,

will thus appear. Since the n=Z peak is obtained in second order perturbation theory

we expect its intensity to be lower than that corresponding to n=Z. Since the small para-

meter in which the field is expanded is (a/2)Kn (see Eqs. (18) - (ZI)), we expect

the intensity of a n = 2 peak to be roughly (ac )4/(aK )2 times smaller than that
2 1

corresponding to n=l. One should not forget that the resonance angles for the

two peaks are different and therefore the exact intensity ratio differs from the

one given above, which indicates the order of magnitude only. To get a more

precise result one has to do second order perturbation theory.

Certain qualitative trends regarding peak heights and position have

been suggested by the numerical results.1 58] At fixed frequencies the polar

angle 8 corresponding to the peak position increases and the peak intensity

goes down, as the azimuthal angle 0 is increased. If 0 is fixed, the peak in-

tensity and the value of 0 at which the peak appears go down with frequency.



Although the polarization of the emitted radiation has not been

studied o58ne can guess certain propensity rules by using material discussed

in this section. It is clear that if a photon of given characteristics

cannot excite a plasmon, then an excited plasmon cannot emit a photon with

those characteristics. From the equations (24) and (25) we see that a s-

polarized photon can excite a plasmon if (k 11X i)z is non-zero. We have

(j x kl)z = (w / c) (217/L) sin O cos 0 and therefore if the incident azimuthal

angle is 0= 90 ° , (X kl)z = 0. Hence, if a s-polarized photon is sent

in a direction perpendicular to the grooves is perpendicular to the grooves,
I

hence along the y-axis) the plasmon is not excited. Conversely, a plasmon

excited by the dipole will not emit an s-polarized photon in the y- direction

(perpendicular to the grooves). The peak emission in that direction will be

p- polarized. The emission in a direction along the grooves, or at any 0 # 990,

iill have an s-polarized component.

The emission intensity at the peak of the angular resonance depends

on the distance from the dipole to the grating. For moderate distances, the inten-

sity decays exponentially. We expect this on the basis of a simple argument.

If we denote the plasmon electric field by pl (z), the coupling energy between

the dipole and the plasmon is v • Ep1 (z). In perturbation theory the efficiency

of the plasmon excitation by the dipole depends on the square of the coupling

If the z dependence of l(z) is of the form er z then theeenergy. E1 z hnteefficiency

varies as eZI (z is negative in vacuum and r Is positive). If z becomes

comparable to roughly a fourth of the wave length 27c/w, the distance dependence

is altered dramatically and interestingly. The alteration is caused by the

interference between the photons sent by the dipole directly to the detector

and those which first reach the surface and then are scattered towards the

detector.

-7L
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Some of the details of the numerical results depend on the fact

that perturbation theory has been used. The plasmon of the flat surface appears

in the theory and the effects of the plasmon-grating collisions are not taken

into account. Furthermore, in experimental situations the surface of the grating

might have some residual roughness which will broaden the plasmon. For this

reason we expect the measured resonance intensities to be smaller than the com-

puted one.

An additional source of broadening is provided by the fact that the gratings

made in laboratory might not have a perfectly sinusoidal profile. One can

think of such a grating as a superposition of several sinusoidal gratings of

slightly different wave length. The angular resonances produced by them are

slightly shifted with respect to each other and are overlapping. The

detector will give one "inhomogeneously broadened" resonance.

§53. Some of the predictions made by the theory have been verified
experimentally by Adams, Moreland and Hansma. [63, 64] They used a nearly

sinusoidal photoresist grating covered with a 300 nm Ag film. The grating

height was 40nm ± 20nm and the length846. Snm. The grating was placed in

a vacuum system and a NZ layer was frozen on its surface. Through electron.

bombardment, metastable nitrogen atoms emitting at X = 523,nm, were created

in the N2 layer. When the electron beam is turned off the long lived atoms

continue to emit. The plasmon emission , due to the direct plasmon excitation

by the incident electrons, is not detected since it has a very short lifetime

and it disappears as soon as the electron beam is off. Thus, only plasmon

emission resulting from energy transfer from the atom to the plasmon is observed.

The vacuum chamber was such that only the detection angles 40 ! 5 s 400 and

0 900 were scanned. The theoretical predictions[58] mere confirmed by these

measurements. The peaks corresponding to n=l and n = 2 were found at the

-7,-



predicted angles and the emission was p- polarized. The intensity went down

as the thickness of the N layer was increased (i.e. thus increasing the
2

distance between the emiting atoms and the grating). The peak widths are all

about FWHM - 2.40 while the theory gives '0.5. However, the experimental

width is instrumental. Furthermore, as argued in 1 53, various inaccuracies fn

theory should make the observed width larger than the one obtained numerically.

There are some complications caused by the fact that the theory assumes a steady

state experiment while the measurement is a relaxation one. The intensity in

the relaxation experiments depends on lifetime, which in turn depends on the

[63]
distance. For example, Adams, Moreland and Hansma find that the lifetime

* of the emission from a 10nmN2 film is Tr-5 sec. while a 30nm film gives

T A. 20 sec. Therefore, the intensity of the emission in a relaxation experiment

at small distances from surfaces may be smaller than that at larger distances,

due to lifetime effects. In order to test the intensity predictions made by the

theory, the experiment. should be run in a steady state arrangement.

In most cases we expect the emission due to direct plasmon excitation

by the electron to be smaller than that due to formation of N atoms. An

upper limit is given by the emission of clean gratings bombarded with electrons.



11I.2.3. The use of Attenuated Total Reflection (ATR).

III.2.3(a). General Remarks.

§54. It is possible to excite the surface plasmon of a flat surface by

placing it in contact with a transparent medium (usually a prism) whose

refractive index n is chosen so that the parallel momentum in the material

matches that of the surface plasmon:

sp
(wn p/c) sin ei = k ( W (111. 34)

This method was invented by Otto[ 6 8 ] and modified and improved by others [69]

Several reviews are availablef 7 0 ] In what follows we use the name of Attenu-

ated Total Reflection (ATR) for all such methods even if neither reflection nor

attenuation is monitored.

The idea of using an ATR configuration in order to enhance the

Raman and the Coherent Anti-Stokes Raman (CAR) spectrum of adsorbed molecules

was proposed by Burstein et.al.[71 ] They worked out the theory and estimated the

expected enhancement. The experimental studies[72, 73] are in qualitative

agreement with the predictions of the theory.

The ATR configuration can also be used [7 4 - 79] to study the energy

transfer from molecules fluorescing near a metal film, to the surface plasmon.

If the film is placed on a prism the plasmon, excited by fluorescing

molecules, can be made to radiate through the prism and the intensity of this

radiation can be measured.

Finally, there is a large body of work concerning the use of the ATR

to measure the surface plasmon dispersion, the dielectric constant of thin,

absorbing organic films or the properties of metal-electrolyte interface in

electrochemistry. We shall not review this work here, but give few of the

early references. 
[ 8 0 - 8 5 ]
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§55. Various ways of carrying out surface enhanced Raman or floures-

cence measurements with an ATR configuration are summarized in Figure 5.

One usually starts by evaporating a Ag film on a quartz slide. The slide is

then attached through an index matching fluid to a half-cylinder, giving the so-

called Kretschmann configuration.. The free face of the Ag film can then be

covered with the molecule of interest, which is deposited either by a spinning

technique or by placing the film in a solution -containing the molecules. I

The molecule-surface distance can be varied by using the Langmuir-Blodgett

technique, in which fatty acid layers of known thickness are

deposited on the surface. The molecules are then placed on the fatty acid film.

The incidence and detection scheme may vary. One can send light in

along the pathway 1 (Figure 5a), and vary the incidence angle until the resonance

condition Eq. (34) is satisfied. The surface plasmon is excited and this re-

sults in a lowering of the reflectance (measured with the detector at 4) and an

increase of the electric field acting on the molecules. The latter causes an

enhancement of the Raman intensity, which can be monitored at 2 or at 6.

If fluorescence experiments are done,the fluorescent emission might be measured

at 6 or 2. The reason for the difference between 0f and e1 is that the in-

cident frequency differs from the emission frequency (by the vibrational frequency

(in Raman) or by the fluorescence shift) and the resonance condition Eq. (34)

gives different emission angles.

For Raman measurements the scheme incidence at 3 detection at 6

allows the use of the plasmon field in both excitation and emission; On the other

hand the scheme incidence at 3 detection at 2 uses the plasmon for excitation

only. Finally, the scheme incidence at 1 detection at 6 uses the plasmon to

produce an angular resonance in emission. Similar comments can be made

for fluorescence.

r7L



It is interesting to note that the prism can be replaced by a grating, as

shown in Figure 5(b). The resonance condition Eq. (34) must then be re-

placed by Eq. (32) of 953. Finally, a combination of the type shown in

Figure 5(c) can also be used. There are no experimenfs yet with (b) and (c).

111. 2.3. (b). Raman spectroscopy with an ATR geometry.

§56. The theory for the use of ATR to enhance Raman signal has been

briefly presented by Burstein et. al. [ 8 7 1 It is a standard ATR calculatinn which

can be found, for example, in Ref. 81. It predicts Lhat the enhancement factor

will be in the range 100 to 150 and that only the p-polarized light can excite the

plasmon and cause the enhancement.

The theoretical predictions were tested by Dornhaus, Benner, Chang and

[731Chabay who have carried out Raman experiments by using a Kretchnan ATR

configuration. They used a 57nm Ag film deposited on the flat part of a SrTiO3

hemicylindrical prism. The experimental arrangement was that described in

Figure 5(a) without any fatty acid spacers. The incident light was sent along 3

(see Figure 5(a)) and Raman scattering was detected at 2. Therefore, the effect

of the surface plasmon on the primary field is observed, but not its effect on

emission. In order to detect enhanced emission as well, the detector should

have been placed at position 6 at which a plasmon of frequency w - w would
V

radiate through the prism.

The Raman intensity goes up by a factor of ten as the angle of incidence

reaches the value needed to excite the surface plasmon. If the amount of Ag

deposited on the half-cylinder corresponds to a 5nm film, the metal forms

islands of several hundred A size, which are better enhancers than the flat film, I

even when the laser excites the flat film plasmon. Similar island Raman acti-

vity has been observed by other authors (see Section 111.5). It is clear that the

quantitative interpretation of the ATR Raman experiments can be made only if

one is sure that the film used experimentally is flat. Islands or other roughen-

ing will cause additional signals that are very hard to interpret._75-



The experiments of Pettinger, Tadjeddin and Kolb(72] are very

similar. They worked with the same Ag-prism arrangement, but the 50nm

silver film was in contact with a pyridine containing electrolyte. The

Raman signal was too weak to be detected unless a very mild anodization

cycle was applied to the Ag film (for the role of anodization, see §30).

It was experimentally found that if the incident light is

p-polarized with respect to the detection plane, the Raman intensity

peaks at the angle of incidence where the reflectance (through the

prism) has a dip caused by plasmon excitation. The resonant enhancement is

ten times higher than that obtained when the incident laser is at an

off resonance angle. The s-polarized light does not give a peak, in agree-

ment with the predictions of the theory. Note that if the incident light was

sent on the Ag through the electrolyte there was only a minor difference

between the Raman intensity of the s- and p-polarized light (with respect to

the plane of incidence).

The enhancement by a factor of 10 is smaller than the one expected

theoretically. However, the existence of additional roughness probably

broadens the plasmon and depresses its electric field intensity, hence

the Raman signal.'

111. 2.3. (c). Fluorescence spectroscopy with an ATR configuration.

§57. The ATR configuration has been successfully used to study

the rate of energy transfer from a fluorescing molecule to the surface

plasmon of a film. If no prism is present and the film is thick enough

to prevent the formation of a radiative plasmon, then the! transferred

energy is used to heat up the metal. If the rate of this transfer is r the
-1 -I

lifetime is diminished from r. to (r, + r).

If a prismi is connected to the film like in Figure 5(a), the plasmon

is able to radiate if the matching condition Eq. (1) is fulfilled.

Thus, part of the energy transferred by the molecule into the film is

recovered as plasmon radiation through the prism.



One can improve the experiment if the excitation is done from

I or 3 and plasmon emission is measured at 6' while the fluorescence

life-time is obtained at 2 (by turning off the laser and measuring

the decay of the fluorescence). In this way one can obtain both the

rate of energy transfer from the molecule to the solid and the rate of

energy loss by plasmon radiation through the prism.

§58. The theory of this process is implicit in the early work on

the rate of energy transfer from a dipole to a flat metal, as reviewed by

Chance, Prock and Silbey. [ 36 1 The application to the present problem has

been made by Weber and Eagen., 7 5 ]

Consider the case when the dipole is parallel to the surface. The

total rate of energy loss by the dipole, divided by the rate of radiative

energy loss when the surface is absent, is[t 6'- 75]

7 - /2 2 -1/2
b 1+ (3/4)q Im (u- 1) r + r I exp (4 (u2 -1)1 D / )(U -l)- u du

3 p 5)"
(1135)

Here q is the fluorescence quantum yield of the molecule in the absence

of the surface, X1 is the wavelength of the photon in the medium in which

the molecules are imbedded (dielectric constant C1, refractive index

ni - and -= Ac ) and D is the surface-molecule distance. The quantities

r and r are the Fresnel coefficients for a s- and p-polarized planar
p s

wave. For the discussion that follows we need nly the expression for rP

which is given by[8 , 11]

p2 i/1

rp = [ce(u - ) - E1(u - (E2IEI)'12)1/2 (111.36)

.[ 2(U - 1)/2 + _1 (U 1

One should remember that the rate of energy transfer is

proportional to the imaginary part of the image field (§20), which is

in fact given by the Eq. (35). This is more complicated than the
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result given by the customary image formula

b If% ImPC 2 - el) (C2 + 1](Z d)-3 ,(III. 37)

which is valid only in the "electrostatic case" when D/A <<1 and retardation

can be neglected. The Eq.(3 5 ) is valid at all distances and one can in

fact show that it reduces to Eq. (37) ifD/Xj -+ 0.

The equation (35)is valid for a semi-infinite metal and it should

be modified when applied to layered structures. The recipe is simple and

requires the replacement of the Fresnel coefficients of the semi-infinite

metal with those of the layered structure. If the Ag film is thick enough

(e.g. 70-80nm) Eq. (35) is adequate for qualitative analysis.

§ 59. We can use Eq. (3 5 )to try to understand how the plasmon

emission depends on the molecule-surface distance. Note that the

plasmon appears in Eq. (35) as a complex pole of the integrand. The value

of u making r p is given by
P

u1 1(I.38)
pole E2 (W) (C 2 (W) + E)-

Comparing this to the surface plasmon dispersion relation (§34)

( [ 1/2 (M.39)
Ii c 2 + 1

we find that

Upe k'3P(w)/k •  
(M. 40)

Here k1  ( n, is the wave vector of the photon in the medium 1.

We can now investigate how the pole contributes to the rate of energy

transfer b, . (1) If(D/X ) is very small Eq. (37) is valid and we have

b 'VIm(E - EI ) (C 2 + E) -]. Large values of b are obtained if

E 2M) - -E, . This corresponds to the excitation of a surface plasmon

-'78-
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having ksp 0 0(see Eq. (39)). Such a plasmon cannot be made to radiate by

a prism since the condition Eq. (34) cannot be fulfilled; photon emission

would violate parallel momentum conservation.Therefore, if D is very

small, the rate of energy transfer to the solid is extremely high, but

none of the transferred energy can be recovered as plasmon radiation through

the prism. The intensity of plasmon emission is zero.

(2) IfD /XI >> 1, the exponential exp[-4n(u 2 - 1) 1/2D(XI] in Eq. (35)

cuts down the integration range to u smaller than roughly (AX/D)11 2. Since

only those values of u in the range 0 < u YD contribute to the integral,

and since $ole = (ks p (w)/kj), rp can have a pole only if the frequency

is such that 0 < Re(kP(w)/k,) < FI/D. Since the frequency w of the emitter

if fixed by our choice of molecule, the excitation of the plasmon is pos-

sible if 0< ReEW(<) < (we have used (39) and linE2 << Im% whichsibl if < 1 +ReE 2 (w)

is valid for A and many other materials). We see that as D is increased

this restriction, cannot be satisfied and the surface plasmon cannot

be excited. This is not surprising, since as D - the dipole radiation

is practically a planar wave and the latter cannot excite the plasmons

of the flat surface.

(3) Therefore, all the action occurs at intermediate values of

O/Ad). Plasmons of small k5l can be excited and the prism can make them

radiate (since the radiation condition Rek5 P(w) = (w/c)n sin 0 is

satisfied.

The qualitative discussion presented above implies that the plasmon

emission must have an intensity maximum as a function of distance. The

numerical calculations of Weber and Eagen[75]using Eq. (35) substantiate

-r79-



this analysis and give the results presented in Figure 6.

060. The experimental test of these predictions can be found in recent

work. [ 7 4 - 7 9 We review here the experiments of Pockrand, Brillante and

Mobiusj 7 8 ] who used fatty acid spacers, to achieve a known molecule-metal /

film distance. The experimental arrangement is that described by Figure 5.

The thickness of the Ag film is 55nm and the length of the fatty acid molecules

used as spacers is 2.68nm. Making multilayer structure (§35) they

fabricated fatty acid films of thicknesses varying between 2.68nm, and

24.l2nm in steps of 5.36nm (0, 2, 4, 6 and 8 layers were used). A dye with

an! imposing name (5, 6, 5', 6' - tetrachloro-1, 1' - dioctadecyl-3, 3' -

diethyl - benzimidazolo-carbocyanin-p-toluensulfonate) was deposited on

the fatty acid film. This has a fluorescence peak at X = 595nm and a

fairly broad excitation band.

Pokrand et.ai[4Z78 rave used two excitation-detection schemes, which

can be both described with the aid of Fig. 5.

Scheme I has the incident beam along the direction I of Fig. 5, with the

electric vector polarized perpendicular to the detection plane (which

is taken perpendicular to the axis of the half-cylinder). The incident

light having the wavelength X excites the dye, but also excites the

plasmon through unavoidable film roughness. Therefore, two plasmons

are excited and coexist in the film. One excited directly by the laser

having the frequency o = 27rc/X and parallel momentum NsP(W0 ); the other

excited by the molecules, and having the frequency w = 27c/A and kPm(w).

They can both emit through the prism at angles given by (w/c)sin Of - klP(w)

and (w /c) sin 0 0 = kP(wo). In Fig. 5a these are represented by the directions

4 and 6. The emission peaks at Ef and 0f0but it is fairly broad (half width at

half height - 20). If X and X are close, ef and f are close. The emission

-80-



due to direct plasmon excitation by laser through roughness (at ef) is

much stronger than that due to plasmon excitation by energy transfer from

the excited molecules (at Of). For example, [78] for A = 520.8nm and
f 0

D= 18.76nm the plasmon emission at 0f (and X = 595nm) is a barely visible

shoulder on the wing of the plasmon emission at ef (with Xo 5Z0.Bnm). It

is therefore important to work with dyes for which Ix - Xo is large and

to anneal and sputter the films to make them as smooth as possible to cut

down the emission at 6 0
Gf*

Scheme II places the incident beam along 3 and the detector along 6

(see Fig.5a). The angle 8. is chosen to satisfy Eq. (34) and excite the sur-I

face plasmon. The evanescent field of the plasmon (of frequency Zirc/X 0 )

excites the molecules which transfer energy and excite a plasmon of frequency

2irc/X. Both plasmons emit through the prism, but the emission is at different

angles (i.e. 4 and 6 in Fig. 5(a)). In this arrangement both the molecular

excitation step and the energy transfer from the molecules to the plasmon

depend on the molecule-surface distance D. The dependence of the emission

intensity on D is a convolution of these two effects.
r78]

The experimental results[ are presented in Fig. 7 where the

fluorescence intensity is plotted versus the molecule-surface distance. [ 78]

Since it is believed that the dye has the transition moment parallel to the sur-

face the experimental curves Fig. 7(a) and (b) should be compared to the

lowest curve of Fig. 6 computed by Weber and Eagen. 7 5 ]

The theoretical predictions are plotted together with the experimental

points. Since the absolute fluorescence intensity is not being measured, the

theoretical curve is calibrated to be equal to the experimental point at 18.Snm

The agreement between theory and experiments is satisfactory.

t We are gratefuL to Dr. Pockrand who provided the theoretical curves
shown in Fig. 7.



111.2.4. The use of small random roughness (SRR).

III.2.4.a. Introductory remarks.

Another useful representation of a rough surface is the small

random roughness (SRR) model. The general shape of such a surface is shown in

Fig. 8. The mean surface plane is located at z = 0 and the deviation

z - (r, 4) of the real surface with respect to the plane is a random

function. In other words, given a point r we do not know the height'I

of the surface at that point, but only the probability of having a given

height C.

It is useful to analyse the model in terms of the Fourier transforms

(k-)_ ) of the surface shape:

dk k 4

) )z e k i.

We can think now of the irregular surface as superposition of gratings of

wavelength 27/n I, with the amplitude &(-i). Obviously, since we know

only the probability that E(ru ) has a certain value, we cannot specify

the values of E(k ) but only the probability of each given value.

Like in the case of gratings we would like to use perturbation theory

to compute the electromagnetic properties of the surface. This can be

done if (§ 39) (f ).I kIi ,<< i1, (kll )kl << 1 and k / I  i. Here

&(k' ) is the height of the grating with wavelength 2/Ik , k-- is the

wave vector of the incident radiation and r- is the decay length of the

amplitude of the surface plasmon excited at the incident frequency. Note
that if the incident field is a planar wave, then k! , i = (W/c) sin 8

( i = polar angle of incidence with respect to the normal to the surface).

If the incident field has a more complicated spatial dependence then we

Fourier transform it and k . is the wave vector labeling the Fourier

components. If the incident field varies rapidly in space its Fourier trans-

form has components with high k . and the perturbation theory tends to breal

down.
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I
In order to define the model completely we must specify the statis-

I tical properties of the surface. Within perturbation theory we are

only interested in the average values of E(ki ) and E(V )E (ia# ). TheseI
are given by

<n ( ) > = 0 (111.43)

i and
<( )4 (,1)> -)a r..,ki~

<M IIk )> 22(7T expL't 2 J. (M1. 44)

I Here< > represents the average over the probability distribution for the

surface height. The quantity % 2 is the mean square height and a is theI
correlation length of the roughness. The information conveyed by a is the

following: consider two points r and r' on the surface. If

Ir,', --r, I >a, the surface heights and )~,' are statistically

Iindependent. Mathematically this means that <ER C~ (r'.)> = 0. The
0I It

physical consequence is that the scattering of radiation by such two points

does not contribute to the scattering intensity. Another way to formulate

i this is to state that the roughness cannot change the momentum of the

scattered photon by more than I/a.

i §6Z. It is believed that a physical realization of such a

3 surface might be achieved by working with CaF 2 films!
8 3 86] The CaF 2

crystalites protrude through the film surface giving it a rugged aspect.

i The height of these protuberances increases with the film thickness. If

a Ag film is deposited on the CaF2 layer, its surface will have the same

coarse aspect. Careful annealing can be used to smooth out the surface

to some extent.

f63. The theory for light scattering by small random roughness has

* [54, 55]
U been developed by a number of authors. They all use perturbation

theory and obtain, by different procedures, very similar results.

I , i



II

The application to surface enhanced spectroscopy is still incomplete.
[94],

Aravind and Metiuk 'computed the intensity of the emission by a dipole

located near the rough surface. The calculation assumes a steady state ex-

periment in which the dipole is continuously driven by the incident laser.

I The results are relevant to all the spectroscopic techniques involving

emission, such as Raman, fluorescence and Resonant Raman. Note however

p that the emission calculation solves only a part of these problems. For

the fluorescence and resonant Raman spectroscopy the dipole must be modified

to include the image field effects. This has been done by Arias, Aravind

and Metiu.' 491 For Raman scattering one must include the fact that the

induced dipole is proportional to primary field (§22), which is affected

by roughness. For this reason the induced dipole will have the same

frequency and distance dependence as the primary field.

Finally, the theory of light emission by tunnelingijunctions [ 9 5 ,96 ' 99) having

SRR surface has been developed by Laks and Mills. [54c] Experiments by

[60
Tsang, Kirtley and Bradley 0 have shown that the roughness dependence of

the Raman intensity of molecules placed in a tunneling junction is related to

(96);
the intensity of light emitted by the rough junction 'as a consequence of

[97)excitation by the fluctuations in the tunneling current. The relationship

will be discussed below.

§64. The enhancement generated by small random roughness is the

least impressive compared to other methods of roughening. Therefore, the

subject is not central to surface enhanced spectroscopy. However, it is

*k I important in those areas where a detailed comparison between experiment and,

theory is sought. One such situation appears in the experimental work [38 -44 ]1
£



I
that attempts to determine the molecule-surface distance at which phen-

omenological electrodynamics (i.e. local dielectric response and discon-

I tinuous boundary) becomes inaccurate. One way of probing this is to

determine the fluorescence life time of molecules located at known distance

from the surface and to test whether it agrees with the phenomenological

formula for flat surfaces. Deviations can be caused by a breakdown of

I the theory or by the fact that the surface is not flat and some small rough-

I ness is present. Since there is no experimental technique to detect the

presence of such roughness (light scattering will detect only small roughness

I with long correlation length), we must know how this roughness affects life

time. If the observed lifetime differs from the one predicted by the phen-[
omenological theory, the breakdown of the phenomenological equations is

3 conclusively established only if the effect of roughness has either been

ruled out or taken into account.

III.2.4.b. The intensity of the emission by a dipole near a surface with SRR.

I §65. The theory is rather complicated and we give here

only an outline of the procedure. An oscillating dipole
I (t) =() e-e t 6(z-z )6(x)W6(y) located at re = (0, 0, z) is equivalent (7

W11w "(z- Mx y loot t .

to the current density = -iw(w) 5(z-z )r(x)c(y) Iirt = r ( iw)  -

The electric fieldI
E(, t) E r(;~ e t ~ (. ( 45I

produced by this current is obtained by solving Maxwell's equation:

I V x V x E(r;w) - E(r;w)¢ /c) E(;) r 4O(w/c)'(-r;w) ,141.46)

The dielectric constant C(r;W) is given by

I" w (l for z > E(x,y)E(r;w) (HI. 47)

r(w) for z < (x,y)I
8r7 -



j where z = g(x,y) is the position of the vacuum metal interface and

e(w) is the dielectric constant of the metal.

We can write e(r;w) as

1 4

e(r;w) = E 0 ;w) + Ae(r;w) (M.48)

Iwhere £ is the expression (47) for the case of a flat surface located

at the mean surface plane (i.e. (x,y) = z = 0).

We can formally define a dyadic Green function D(r;z o;W) which gives

E(4r;) = D(r;zo;w) 4r(/c) (-1j-(0) (111. 49)

The exact calculation of Dfor a rough surface is difficult. However, we know the

dyadic Green's function D (r;z ) for the flat surface (i.e. for AC m 0) and if

we assume that Ac is small, we can get I'+for the SRR surface by perturbation

I theory. [54] To the first order in L the perturbation theory gives

I)D + D A£ cDI0 0 0

A4 tedious calculation[94 1 starting with Eq.- 46) prbvidesan expression

for D. Using that in(49) gives the electric field radiated by the dipole.

I ,
§66. It is useful at this point to leave the mathematical descrip-

tion and develop an equivalent physical picture. The calculation here is

very similar to the one used in light scattering from critical fluctuations[10 I

I or a system undergoing spinodal decomposition.[1 0 1] There,the density

fluctuates and its instantaneous value is P p Peq + 6p, where Req is the

I equilibrium value. Since the dielectric constant depends on dpnsity we have

C £eq + (t-)eq 6P . The dielectric constant fluctuation

( k'3p)6P - 6c scatters light and within the first order perturbation theory

I the intensity of the elastic scattering is determined by

<6Sc( ) &E(k >(z. )

= + i) < (I
k"'eq~

2 ,0lk" "



We can now regard suface roughness as a "density fluctuation"

about the flat surface situation. The latter is the analog of the

equilibrium density in the example discussed above. The "fluctuation"

of the dielectric constant is AE and the correlation function of AC

is proportional to Eq. (43) which is the analog of (51) . There is a basic

difference between the two situations since in our problem the scattering

is from the surface, while in Eq. (51) it is from the bulk. Because of

this the Eq. (44) parallel momenta only. Another difference

appears because the surface does not move, while the density fluctuations

do. In our case the time does not appear in the correlation function and for

this reason the phenomenon is analogous to the elastic light scattering by

fluctuations and no Brillouin peaks are present.

The analogy between the Eqs.(43)and (51) tells us that the corre-

lation function in Eq.(43) acts as the structure factor of the rough surface

The likelihood that the surface can change the parallel momentum k

of the incident wave into the parallel momentum k 11 f of the scattered
,~ ~ f!-)1 I kk, .,i -li a 1< 1,

wave, is proportional to exp[-(l1 f- k il 2 I k

. 4

this likelihood is high. The quantity 1k - k is constrained by

I the fact that k = (W/c) sin ei and k it = (W/c) sin Gf where 6i and ef are

incident and final polar angles. Therefore, ',i-, k,f is of order (w/c).

As a result, if wa/c ' I the roughness contribution to scattering by the

surface is important. If wa/c >> 1 the Gaussian is practically zero and onlylittle

roughness induced scattering occurs. For this reason a rough surface scatters

I differently from a flat one only if the correlation length of the roughness is of

the same order or larger than the wavelength of the incident photon.

If the incident wave is not a planar one, but the spherical wave

(including the near field) of a point dipole, we can still use the above

discussion if we Fourier decompose the incident field in a superposition of

planar waves. Each such planar wave is substantially scattered by roughness

if its parallel wave vector k satisfies k,, a ̂ < 1. The total scattered



light is given by the integral over the scattering of each incident planar

wave, that is, by an integral over tlib parallel wave vectors. [ 9 4

§66. Numerical calculations using the theory described above were

I performed by Aravind and Metiu. [ 9 4 ] To present their results we denote with

i I the intensity radiated by the dipole when a SRR surface is present, and with

I. the intensity radiated when the surface is flat and is located at z=0. In Fig. 9

I we plot Irough/Iflat = (I - Io)/I o as a function of frequency. The metal is Ag,

the mean height is 6= 30 the angle of detection is 45 ° and the dipole is per-

I pendicular to the mean surface. The mean surface-dipole distance is ZA.

It is obvious that the emission intensity is enhanced by roughness only if the

correlation length a is small. A brief discussion of the role of a and d in

I the emission process is given in the Ref. [94] and we do not reproduce it here.

III.2.4.c. The change of fluorescence life time by the presence of a SRR surfa

1 §67. As explained in the introductory section (§ 20), the change in

lifetime produced by roughness can be computed if the change in the image

field is known. This has been examined by Arias, Aravind and Metiu [49]

I who used the work of Rahman and Maradudin. [ 10 Z ] They find[ 4 9 ] that the

effect of roughness extends at fairly large distance from the surface and

it is most pronounced if the frequency of the emitter is close to that of the

I surface plasmon. In Fig. 10 we represent the ratio between the rate of

energy transfer to a rough surface versus that to a flat surface. The

I metal is Ag and the roughness is characterized by 6= 20 A and a 60

(49)More information can be found in the original paper.

I
I
I



III. 2.4.d. Light emitting tunneling junctions with SRR surfaces.

§68. We do not review in this article the light emitting tunneling

junctions [95 - 99) . to the extent they deserve, but confine ourselves to

pointing out how they are related to surface enhanced spectroscopy.

I The model used to compute the photon emission assurnes[91] that the

tunneling electrons cause a fluctuating current in the junction. This

current differs from the one generated by an excited molecule (Eq. (34))

in its magnitude, location and frequency dependence. However, it has the

same electromagnetic effect: it drives the structure causing it to radiate

I in a manner that depends on the roughness. The electric field of the radiation

is given by Eq. (49). The dyadic Green's function D depends on the junction's

structure only[ 54c 1 but not on the properties of the driving current. For

* this reason the emission by the junction ought to have many of the char-

acteristics that one would observe if the junction is doped with a dye and

I the dye fluorescence or Raman spectrum is studied. The same Green's

function, but a different current, gives the electric field of the molecular

emission. The general resemblance between the Raman spectrum of

molecules located in a roughened jnto[61and the light emitted by that

junction when driven by a voltage 195-96] )has been observed by Tsang,

I Kirtley and Bradley.0

-q



I 111.2.5. Excitation of surface plasmon by depositing metal particles on a flat Surface

569. Another way of exciting the surface plasmon, by avoiding the restrictions

imposed by the conservation of the parallel momentum, is to deposit small particles

on the flat surface. Translational symmetry along the surface is thus broken

and momentum conservation is no longer a kinematic requirement.

I Such particle deposition can be achieved, for example, by condensing

small amounts of metal vapor on the flat surface of interest. Due to the nuclea-

tion process the condensed vapor forms small islands whose dimensions depend on

the average amount of material per unit area. 0,14 (see Section ll. 5). Another

* [105]
method[ consists of cooling the surface in a vacuum chamber and condensing

molecules on it, to form a matrix. Simultaneously a noble gas beam containing

metal spheres is directed towards the surface. During the condensation the

I matrix traps the spheres near the surface forming the system of interest. This

can be used to carry out surface enhanced spectroscopy on the molecules of the

matrix. Finally, we can deposit spheres on a surface b,,. spinning a colloidal

I solution and then evaporating (if necessary) the solvent.

§70. The properties of these systems are modeled here by considering the

I electrodynamic properties'of a small sphere located above a flat surface. [3110
6,107]

g We present here results obtained for a perfectly conducting spheref 106] The case

of dielectric sphere([107] is discussed in Section 111. 4.2Z., which is concerned with

the interaction between two electromagnetic resonances.

The qualitative electrodynamic properties of the system can be under-

stood by considering first the case of large sphere-surface separation. The

I incident field plus the field reflected by the flat surface polarize the sphere,

inducing a dipole moment.11. If the external field frequency satisfies the

I condition Re cw M -1 (E(w) is the dielectric constant of the semi-infinite



i
solid) the dipole ji excites the surface plasmon. The excitation is exclusively

due to the presence of the sphere and it would not occur if the laser

I interacts with the flat surface only.

When the sphere is brought closer to the surface it suffers additional

I polarization due to the image field. Since the sphere-plane distance is small the

image field varies rapidly in space. As a result, the sphere acquires both a

dipole and a quadrupole moment which both can excite the surface plasmon, etc.

I It is important to realize that the polarized sphere not only permits

the excitation of the plasmon but also interacts with it and modifies it. As

a result the combined sphere-plane system has new resonances whose complex

frequencies are given by[10
6 ]

exp [(2n+l) po] = (0(w) - E) (E W() + )- (111.52)

Here E is the dielectric constant of the half-space in which the sphere is
0

I located, E Mw) is that of the semi-infinite material whose flat surface

sustains the resonance, Vo=[cosh (i+X)] with X E D/IR, D is the minimum

m distance between the flat surface and the surface of the sphere, and R is the

radius of the sphere.

The resonance frequency depends on the geometry (through X only) and

I on the dielectric properties of the flat material. This is illustrated in Table 1

where the resonance frequencies are given for a flat SiC surface, for

I various values of X. As X is diminished more than one resonance is present.

By changing the geometrical parameter A we can vary the resonance positionI -l -1

between 878 cm and 944 cm . The width of these resonances are not given

I here; in most cases they are broad and cannot be experimentally resolved.

One exception is SiC.

I
I
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1 §71. The nature of these resonances is illustrated by computations of

I = ' *)/( El* , (MI. 53)

I which gives the ratio of the local laser "intensity" versus the intensity of

the incident field in the absence of the solids. The factor T is a measure

I of the magnitude of the primary field enhancement. The spatial extent of I is

characterized by two distances and These are taken along a line C defined

I as follows: it is contained in the plane of incidence of the laser; it is parallel

as follows: it is contained in the plane of incidence of the laser and it is parallel

to and located at one 1 from the flat surface. t1 is the distance, along C, from

the rotational symmetry axis of the system to the point where I is five times

larger than the value of I given by Fresnel equations (which are valid when the

sphere is absent 2 is the distance measured along C, from the symmetry axis

to a point where the presence of the sphere does not affect I. Both I and E2

are "measured" along C towards the light source. The values of and 4. are

I shorter when they are "measured" in the opposite direction, in the "shadow of

the sphere." From Table 2 we see that r is enhanced substantially even at

I distances of an order of 150A from the symmetry axis; the effect of the sphere

* disappears entirely at distances of order 300A. Further calculationsR0 6 ]show

that T is very large and practically constant along the rotational symmetry

axis (in the space between the sphere and the plane). Therefore, the resonances

excited in this system are very localized in space between the plane and the

sphere, as if the polarized sphere acts on the surface plasmons and forms a

I localized wave packet.

§72. In order to give a feeling for the magnitude of the local field enhance-

I ment in the region between the sphere and the plane, we give in Table 2 the

resonance values of I calculated at a point on the symmetry axis, at 1 from

the flat surface. The position of this point is not essential since I is practically

S I constant along the symmetry axis.



I
We find that the values of I are much larger than those for the isolated

sphere or than the intensities obtained by exciting the surface plasmon of the-

j flat surface by using ATR or a grating. For SER the total enhancement is

roughly J2 since by the reciprocity theorem[22]the emission enhancement is

comparable to the primary field enhancement. Thus using a Ag surface and a

perfectly conducting sphere we would obtain, at w = 3.2 eV a Raman enhance-

ment factor of 7.4x 10 The enhancement factorIin the case whenthe flat surface

I is made of SiC and InSb and p-polarized infrared light is used, is of order 10 4 .

i The elementary excitation of the planar surface, which is used by the

sphere to build up the localized resonance producing the enhancement, does not

have to be a surface plasmon. In the case of SiC it is a surface polarition, for

an organic substrate (e.g., anthracene) it is a surface exciton and for Ag and

i InSb it is a surface plasmon. It is interesting to note that in the case of a

I semi-conductor the surface plasmon frequency, hence the resonance frequency

of our system, can be modified by doping. The resonance frequency for InSb,
I-l -l

for example, can be varied by doping between 200 cm and 1100 cm .

From the Table 2 it is clear that the p-polarized light is a more effec-

tive excitation source. Such a dramatic difference between p- and s-polarized

light is not uncommon in surface spectroscopy and can be used to develop

polarization modulation schemes that improve sensitivity even if large back-

I ground signals are present.

I
I
I
I
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111. 3. 1 Enhanced spectroscopy on spheres.

111. 3.1. a. Introductory remarks.

973. The spherical particles are the most convenient of the regular

shapes since they are characterized by only one parameter, the radius. This

compares favorably with ellipsoids, where two lengths are involved and we

must average over their distri bution as well as over the orientation of the

ellipsoids with respect to the incident field. This proliferation of

parameters and averages, over quantities which are hard to control or measure

experimentally, introduces uncertainties which one would like to av oid if

the purpose of the work is a detailed test of the theory. On the other hand,

if the purpose is the generation of large enhancements over a large

frequency range, a distribution of ellipsoids is preferable to one

of spheres.

§74. In this section we review the existing theoretical and experimental

work with spherical systems. It turns out that the largest enhancements are

obtained for small particles (the Rayleigh limit). This is fortunate,

since the theory for them is simplest and their preparation is not any more

difficult than that of large particles. For these reasons we review the

work with small particles in -detail. For larger spheres we only select few

results, to give a feeling for the trends expected as the radius is increased.

The experimental work has been carried out with colloidal solutions

or particles prepared in gas phase and then frozen in a matrix. This is also

reviewed in detail.

111. 3. 1. b. Electromagnetic properties of small spheres.

§75. The electrodynamic properties of small spheres have been computed

by Rayleigh and his results can be found in many standard b7ooks9 Several

recent papers [110-117]1 have used Rayleigh theory to discuss the electromagnetic

enhancement in SERS.



As explained in Section II we are interested in the electromagnetic

fields caused by the polarization of the small sphere driven by the

electric field of the incident laser

Eirt) = E (W)e e (111.54)

1 or by that of an oscillating dipole[7] located nearby:

E(r ,t) ( T(r)111e e .(3H -p (II. 55)

I Here r is the distance from the dipole to the field point e r/r, I is

the unit tensor, Iki = w/c and the dyadic ?r acts on I0 according to the

rule ( ).j.)

I The main advantage in working with objects smaller than the wavelength

of the incident radiation is that retardation can be neglected and, as a

consequence, the electric field can be computed by solving an electrostatic

3 problem. If the object has a size d, the maximum variation of the phase

ikd
of the incident field across the object is e If kd = 27TdINI/A (N is the

I complex refraction index and A is the wavelength) is much smaller than one,

ikd
e 1. Because of this, we make a small error if we take kd = wd/c - 0.

Since the frequency and the size are experimentally fixed, this limit corresponds

to c , (i.e., neglect of retardation). If we take c--- in Maxwell's equations

we find that the electric field is fully determined by the scalar potential

I 4, which in turn satisfies Laplace's equation [7 "11] Thus, we-can get a good

i approximation for the electric field by solving an electrostatic problem.

Of course one cannot compute the radiation from the system by using

j electrostatics. The trick is to compute the dipole induced in the system

and then assume that the observed radiation is that of the computed dipole.
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I These qualitative arguments are reinforced by rigorous studies [8,9,11] in which

1 the problem is solved for a sphere of arbitrary radius and the solution in the limit

dINIP/ - 0 is determined. The leading term of both local and radiated field

in this limit is identical to the result obtained from the electrostatic

calculation.

I In what follows we present the equations necessary for discussing

surface enhanced spectroscopy. We need (see Section II) the reflected field

(i.e., the reflection tensor R,,910), the radiation from the" solid (i.e.,

the dyadic Green functionG s ;s; ),l~andtheimagefield(i.e., s(ra r;cW),§20).

§76. Reflected field enhancement. As defined in §10 the reflected field

Er is the field caused by the incident laser field Eq. (54) in the presence

of a sphere of radius a, when the surface molecules are absent. Since ka <<

the laser field is uniform across the sphere and we need(§75) the solution

of the Laplace equation in this uniform field. This is readily available [8]

and indicates that E (r;w) equals the field caused by the dipole p(t) = p(w)e

with p (W) given by:

p(w) E $()Ei(W) = (Cw())-E2)(E(w)+2E2) -aE (111.56)

located at the center of the sphere (which is at the origin of the coordinate

I system). Here Cl((W) is the complex, frequency dependent dielectric constant

of the sphere and f is the dielectric constant of the surrounding medium,

" I (w) the polarizability of the sphere and a is its radius.

J Using Eq. (55) with the dipole p given by Eq. (56) we get E r(r;w).

Comparing to Eq. (. 3) we obtain the reflection tensor 4:

I -+ ;w) = -w)(3ff-1i r 3  (111.57)

and the reflected field

=
.Er(r;wo) = Rr;o) -Et (to). (In1.58)

b. |
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1 The primary field is

IE p(r; W) (+ 'A(r; W) .Ei (W) CI. 5 9)

§77. There are two ways in which E (hence E ) can be enhanced.

We could make the sphere as large as possible to increase the term a 3 .

I However, this is limited by the requirement that (a/) IN I<< 1, which

assures the validity of Eq. (56). Increasing a beyond the limits

I imposed by this inequality takes us into the Mie regime, in which Eq. (56)

breaks down and the enhancement is smaller than in the Rayleigh case.

The field can also be enhanced by choosing the light frequency equal1

-. to W res given by

Re El (W ) = -2E 2 . (111.60)

In this case R(r;w re s ) becomes (from Eqs. (56) and (57))

R(r;w (3 -I (a/r) [1+ 3i f 1 C res)] (111.61)

If ImC l(wres) is very small relative to Re E1 (Wres) then R could be con-

siderably enhanced.

I This enhancement corresponds to the excitation of an electromagnetic

resonance in the sphere. If eI(w) satisfies Drude equation El(W) = l- p/W)2  i

the resonance is located at W w W (1+2E2)- . If the sphere is surrounded

I by vacuum Wres = wp /r3-.

I
I



1 §78. The search for materials yielding large primary field enhancement

must look for two elements. In some frequency range the real part of the dielectric

I constant must be negative, so that Eq. (60) could be satisfied. Furthermore,

at the resonant frequency Im l( Jres) must be as small as possible. In Table 3

we present (in the line n=l) the values of resonance frequencies (from Eq. (60))

and Iml(Wre s 1 for Ag and Au. Since the primary field appears squared in

all formulae for enhanced spectroscopy, ImCl(Wres ) - z gives a feeling (since

E p -u R -- Im EI (w) for the relative enhancing ability of these

j materials. The resonance frequency is the laser frequency at which maximum

enhancement occurs.

* Note that non-metallic materials and excitations other than plasmons can

be used. Finally, it is important to realize that the plasmon frequency

in semi-conductors can be varied by doping, resulting in some modest "tunability."

For example the InSb plasmon frequency can be shifted roughly between 100 
cm--

and 1000 cm-1

1 §79. The calculations presented here assume that the small spheres

have the same dielectric constant as the films used for dielectric measure-

ments. This is not necessarily the case. The electron mean free path is

I of the order of 300A and therefore collisions with the surface of the sphere

(which is unavoidably rough) have the same effect as the collisions with

impurities do in bulk. [11]1they shorten the relaxation time, hence increase

the imaginary part of the dielectric constant. This results in smaller

resonant enhancement of E . Another effect of smallness can be simplyr

1 understood in terms of an electron gas model. The energy levels of a

free electron confined to a sphere of finite size are discrete and depend

I on size. [ 1 8 11 The Fermi level is also different. This alters the dielectric

i response, as compared to that of the bulk material, even in the absenceoof

surface impurities or purface corrugation.

I-IC3



§80. The predictions made by the calculations presented above are

I semi-quantitative and they become reliable only if the dielectric constant

is measured in situ and electron microscopy is done to ensure that

the shape is spherical. Comparison to experiments requires the knowledge of

the size distribution and some assurance that the spheres are isolated (i.e.,

once they are polarized their polarization charges do not interact).

1 In the absence of such a thorough test it is useful to have some

understanding of how the features of the reflected field are related to

optical quantities that are easy to measure. Chang et. al.El13 J have computed

the frequency dependence of the near field intensity 0 NF , absorption cross

section 0 ABS and scattering cross section Q SCA* Their graphs are re-

produced here as Figures 11. As one can see the frequencies corresponding

to the absorption, extinction or local field peaks do not necessarily coincide.

This is true both in the Rayleigh and Mie limit.

J It has been often stated in the literature that the Raman excitation

spectrum of molecules located near a. sphere must follow the extinction

spectrum of the sphere. The excitation spectrum follows the local field

I (i.e., E ) excitation whose peak coincides with that of the extinction coeffi-
I p

cient only for Ag in the Rayleighlimit, but not for Ag in the Mie case or for

Cu and Au for all sizes. Therefore, extinction measurements are useful

if interpreted with some care., that is, with the aid of detailed calculations.

381. Emission enhancement. As we have already discussed,the second

J important source of enhancement is the effect of the sphere on the molecular emis-

sion. For exemplification we use the case of Raman scattering; other spectroscopic

I measurements can be discussed similarly, by following the general outline presented

3 here.



.4

In Section I the key quantity, as far as emission is concerned, is G( rC1;w)

defined at §11. We need to compute it for a small sphere.

For Raman scattering the source of the emission is the "Raman" dipole

-. - -) t i(W-WO) t (111. 62 )

IRS(t) RS(w-v)e v *RS .()e E -p(6))

induced by the primary field (see §6). An expression for pRS( ), within

j the Drude-Lorentz model, is given at §22.

teThe electric field of the radiation from this dipole, in the absence of
I the sphere, is

[? ]

o='o~'~R' R el-dRd) "RS ()I Rd (111. 63 )

1 1

where R is the detector position, Ad/Rd, k = (w-w )/c - /c and c
d kd d d' v c RS/

is the velocity of light. The coordinate system is at the center of the

sphere and r is the dipole position. Rd appears everywhere,

instead of IRd-ri, since IRdI >>> IrI.

I The more interesting problem is the computation of the radiation emitted

-~-i(W-W~
because the electric field created by IRS(w)e--)t polarizes the

Isphere. This computation is carried out by using Laplace's equation (see §75) to

compute the scalar potential 0. Analysing the multipole expansion of 0I -

we can identify the dipole p induced on the sphere by the molecular dipole

RS driving it. The radiation of the sphere is assumed to be that produced by

the dipole pe - i ( - (4b )t.

The same calculation also gives us the image field acting back onpi

I because the sphere is polarized. This field is of importance for resonant

Raman scattering, fluorescence, electronic absorption and photo-chemistry.
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§82. We only outline the calculation of 0 since the procedure follows

that used to compute the potential of a sphere and point charge, which is

given by Stratton[8] (pp. Z01-207). The dipole field can be constructed from

jtwo charges q of opposite sign separated by an arbitrarily small distance Z.

The dipole moment is directed from the negative to the positive charge and

I has thL magnitude jqjZ = p. For simplicity we take the dipole -.i oriented

along the z-axis, and located at the point z= . The potential caused, by the sphere

polarization, in the space outside the sphere is represented by

C) bn P(Cos 
6)

0"() E_ n. n+1 (mI.64)11 r

4.
Here Pn is the Legendre polynomial of order n and 9 is the polar angle of r.

Inside the sphere the potential is] Co
0'('r) E a n rn Pn(cos 0) (111.65)

n=0

These two expressions are solutions of the Laplace equation. They are chosen

so that 2 0as r o and - 0 at r 0. The coefficients an and bn

I are uhknown and are det'ermined from the boundary conditions

I
00 

+ 02 = 1, for r = a

and

C2 2' (00 + D2) = Cl- , for r a. (111.66)

The radius of the sphere is denoted a. 0 is the potential (in MKSA units)

due to the dipole p at a point r (for which Irl < &)and it is given by

1] -/06-



I

. .. P n+R_ r n ( (111.67)
TE + n

A simple computation yields

Go

1 p2n+1 n(n + 1)(E 2 - E) P (cos 0)
'Sr)= a n_______ x (111.68)

4Tr o n+2 InEi + (n+l) 2 ] n+l
n= 0O

We can compare this to the multipole expansion of the potentia1[ 81 to

find that the dipole of the sphere can be expressed as

11 Pv(w wv) -") dip (111.69)

I where Edip is the electric field caused by the molecular dipole p

at the center of the sphere. The polarizability P of the sphere is

I given by Eq. (56).

One can generalize this result for the case when the dipole is

located at an arbitrary point r. The dipole induced in the sphere is

given by Eq.(69) with Edip (r) RS (W- W v )and T defined by

Eq. (55). Hence

=(W-WV
)  a (W-WV)r(6" w - 1-4,RS (W- W v )  (111.70)

Note that is the same polarizability that appears in the

" ]computation of the dipole induced in the sphere by a spatially

homogeneous laser field. One should not however conclude that the

sphere polarization is independent on the driving source.

I
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1 If a homogeneous (27ra/X <<1) laser field Ei(w) acts on the sphere

the total polarization field is that caused by the dipole p= PEV located

at the center of the sphere. If a dipole field E acts on
dip T MRSacso

the sphere, the total polarization is given by the potential 0., of Eq. (68).

However, the radiation produced by the polarized sphere is that of the

i dipole p = Edip= . MRS' located at the center of the sphere.

The molecular dipole pRS excites all the multipoles of the sphere

but only the dipole radiates. The non-radiative multipoles do influence

the rate of energy transfer from 'RS to the sphere, hence the lifetime

of $RS (§133-132). The laser field excites only the dipole of the sphere.

1§83. The total electric field radiated by the molecular dipole and

the sphere (both at the frequency w- w ) is given by the radiation of the
V

dipole 9RS + p. This is

I* -- 4 .
1 (R d ;W-3 v G(d0- 9 v RS ~v) + (iv (111. 71)

IUsing Eqs. (70) and (71) we obtain

E(Rd;w-w) G .1 + G s(Rd-v-RS =--(Rd-v) RS(- ) (111. 72)

Iwith
+ 4-+

Gs(R ,r;w- v) = GoR w-w )(w- v T(r) .(. 73)

We have thus obtained an expression for G s (for a general definition see

§11) for the particular case when the solid is a small sphere. Thisquantity

Icontrols the enhanced emission through P(w), which can have an electro-

Imagnetic resonance (see 377).

884. Raman Scattering intensity. We have now carried out all the

I electrodynamic calculations needed in the study of the enhanced spectroscopy

caused by a sphere. Some additional calculations are required to obtain the

absorption line shape and the resonant Raman cross section, and they are

I discussed later (1 106-113). -/8



The reflection tensor i ;w) is given by Eq.(5 7 ) and the scattering part

G(R ;w) of the dyadic Green function G, by Eq.( 7 3 ). They are expressed

in terms of the sphere polarizability 8(w) .ind the dipole

propagator T(r) (Eq. (55)). The electromagnetic resonances appear through
94

and the dependence on the molecule sphere distance through T.

The emitted intensity is obtained from Eq. (U. 37). Using,(in

Eq.(II.37)), the Eqs.(72)and(73) (for0+, ande), Eq.(11.35)

(for pRS ) and Eqs. (58, 59) for the primary field E;p, we can write

II
aeff %-(RQ. t+( (r )}ErE.

.S Ed 0 d V aa Ii
l(111. 74 )

§ 85. Let us now examine the electromagnetic enhancement given by

this theory. The term MM(r() =-_R(r;w) gives the reflected field enhancement

and $(w-wv)T(r) gives the enhanced emission.

When the incident frequency is on resonance (i.e., when Re Ci(w) + 2E2=0)

1 8(w) and 8&-w v ) become large, especially if Im 6 2() is small (see §77).

The resonance is broad enough so that both $(w) and (w-w v ) could be on resonance

simultaneously. The largest contribution to the intensity (Eq. (74) comes

J from the term

*1,
and this will dominate SERS intensity.

j This equation yields the following important predictions. (a) Distance

dependence. The intensity depends on the molecule surface distance d through

I the dipole propagator T(4r). The dimensionless parameter characterizing this

3
dependence is [a/(a+d)]3 (see Eqs. (56, 57)). The a term comes from polariza-

bility P(Eq.(56))and (a+d) 3 fromV. The intensity(Eq.( 7 5)) varies like [a/(a+d)i
-/N-
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I Table 4 shows that this quantity varies rather slowly with d. For example,

J for a sphere of radius a = 300 A the enhanced Raman signal from a molecule

located at 30 A from the surface of the sphere is only 0.32 times smaller

J than that of a molecule located at the surface.

So far only the electromagnetic model predicts the existence of suchI
a long range enhancement. This is why the Bell Labs experiments,

[ 112 - 11 4 1

Iwhich were the first to demonstrate the existence of this phenomenon,

provide strong evidence for the importance of the electromagnetic L.

Ienhancement.
(b) Enhancing capability. As we have already mentioned (5.77) the primary

field and the emission can be enhanced if the laser frequency satisfies

the equation ReE1 (W) = -26 2 . This excites the dipolar electromagnetic resonance

of the sphere, which enhances its polarizability a (and through it R and G ,

Ii.e., the primary field and the emission, respectively). At resonance

l -[ImC 1(Wres)] , and since the enhanced intensity is proportional to f 4

(see Eq. 75)) this gives an intensity proportional to -tIml( res )] - 4 . This

1explains why apparently small differences in Ime 1 can give substantial

differences in SERS intensity. Going from ImC 1-0.2 to ImEl 0.1 changes

(Im1E d .4 from 625 to 10,000.

(c) The excitation spectrum of SERS is a complicated function of

frequency. (The excitation spectrum is the dependence of the Raman intensity

3 of a given line on the incident laser frequencv). If the customary W 4

dependence is removed, the intensity still depends on w through the dielectric

I properties of the sphere (entering in Eq. (75) through $). The Eqs.(75)

and (56) give

C4jRSM (W-W )-E,) (Eci- v- )+2E2)- I2 I' j( )-E2 )(C1M(w +2 E2 ) 11

S(111. 76)
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tie have assumed that resonant and pre-resonant Raman [Z]scattering is avoided,

therefore no frequency dependence is introduced through the molecular

I polarizability. If this requirement is satisfied then all the Raman lines

of all the molecules deposited on the same surface should have essentially

the same excitation spectrum. The only difference comes from the fact

that different lines have different values of wV.This prediction provides a very simple

and important test of the purely electromagnetic theory and should be performed wheneve

1 possible. Furthermore, the ratio of two excitation spectra of the same

1molecule on spheres made of two different materials depends only on the

dielectric constants of the spheres; more precisely the ratio can be computed

1by using the Eq. (76).

(d) Dependence on the radius of the sphere. The Raman intensity

Ifor a molecule located at a distance d from the surface of the sphere is

proportional to EaI(a4d)].' Integrating over all the molecules makes the
CO 2 xa.12

intensity proportional to f Xwhich gives proportionality to a.

a (a+x) 1 2

Experimentally, it is rather difficult to either measure or control the

radius accurately. As the art evolves it might become possible to test

1 this prediction.

1§85 Systems consisting of small spherical metal particles are

excellent candidates for a study of the mechanism of surface enhanced spectroscopy

1 since the electromagnetic enhancement can be computed rather accurately. A

comparison to experiments will allow us to establish 
whether other enhancement

mechanisms are present and find out (by subtraction of the computed electro-

] magnetic enhancement) their properties. Unfortunately, there are a number of difficult

requirements that the experiment must meet In order to make such a program

I meaningful. These are discussed below.
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1(1) Colloidal particles tend to coagulate and form aggregates whose

properties cannot be treated as if they are just a larger sphere. Recent

calculations by Aravind, Nitzan and Metiu [ 12 3 ] show that the excitation

spectrum and the local fields for two small (Rayleigh limit) spheres, separated

I by small distances, are very different from any obvious superposition of

jthe single sphere behavior. A new resonance appears at a lower frequency

than that of the single sphere case, and the square of the local field between

1the sphere is (for Ag) an order of magnitude larger than that for a single

sphere. Since emission enhancement is also expected to increase[ Z2] by a

1 factor of 10, the enhanced Raman spectrum of a molecule located between two

1. Ag spheres could be a hundred times larger than that of a molecule located

near a single sphere. The point is that particle coagulation can alter radically

Ithe electrodynamic behaviour of the system and that it should be avoided in

measurements which intend to provide a test of the theory.

(2) The dielectric properties of small colloidal particles might be

]different from those of the bulk metal. Differences might be caused, for

example, chemically by impurity incorporation in the particle in the course

1of its growth. Or they might be due to the effects discussed at §78. One would

1 like to have surface enhanced spectroscopy data from samples for which the dielectric

constant of the spheres is measured in situ by detailed light scattering studies.

1(3) The shape of the particle is important. The resonant behaviour of

small spheroidjll5-116, 123] is different from that of spheres. Electron microscop

I combined with light scattering should be used to .empt to find preparation

1methods that yield spheres. A size histogram is also needed.

(4) As we have already emphasized it is important to study the enhanced

IRaman over as wide a frequency range as possible. The electromagnetic theory

makes specific and striking suggestions concerning the behaviour of the

excitation spectrum, which ought to be tested.

(5) A detailed study of the relative intensity of different lines of the same

molecule, and especially of its frequency dependence, could be very revealing §34).
moecl,-n1epeill"f t frqec-eedne oldb eyrvaig(8)



§86. The first r.asurements on colloidal systems were carried out by

Creighton et. al!1 24 1 They were quickly followed by the work of Kerker

et. al.,[12 5] Wetzel and Gerischer [1 2 6 ] and Chang et.al. [ 1 2 7 ] The only work

with metal spheres trapped in a solid matrix has been reported by Moscovits

et. al.[105]Since the conditions and the results of these works are

rather different, we have to discuss them almost one by one.
I

§ 87. One of the problems in working with colloidal systems is

their tendency to aggregate. This is generally prevented by the electric

charges present around the colloids or by intentional addition of polymers.

1The addition of a neutral molecule such as pyridine and its subsequent
adsorption removes some of the ions from the metal spheres. The repulsion

between spheres is thus diminished and Brownian motion aided by the rather

large van der Waals interactions [12 9 causes coagulation. The particles

formbead strings [130-131] or irregular structures. [ 1 27 ]

1 Transmission electron microscopy is the obvious tool for the st.dy of

this phenomenon. However, in its absence, optical methods are rather suggestive.

This is illustrated by Creighton's [124] results. His silver

1 sols, prepared by reduction of AgN03 with borohydride show a sharp extinction

peak at 380 nm (yellow). After pyridine addition the color changes to red,

4then blue-grey. A shoulder develops at wavelengths higher than 380 nm, which

Ialmost grows into a second peak. The initial peak is indicative of the

existence of single Ag spheres of size smaller than the wavelength of light.

I If the particles were elliposidal they would have had a double peak, one

near 380nmand a second, more intense one, at higher wavelength (see Section

111. 3.3). If the spheres had a large size they would have had a much broader ex-

tinctionpeak, extending to wavelengths higher than 380nm. These considerations

-'/3 -



Jrule out the presence of large numbers of ellipsoidal particles or of large
spheres. Since one does not expect a change of particle size or

1 shape in time, the change in extinction must come from aggregation.

JNumerical calculations by Aravind, Nitzan and Metiu [12 2 ] show that

the local field around two Rayleigh spheres has two peaks, one at the

single sphere position and the other at higher wavelength. The observation

that a high wavelength shoulder appears and grows in time is consistent

with these calculation and the idea that as the size of the aggregate grows

Jthe extinction shifts to larger wavelengths. Recent work by Creighton[130,131
1

and Chang et. al.L confirm this inference by direct electron microscope

observations.

§88. Having assigned these extinction peaks to aggregation,

we can now consider Creighton's [1241 results for the Raman excita-

tion spectrum of the pyridine. The excitation spectrum varies in time and

for each given time it peaks at the same wavelength at which the "aggregation"

peaks appear in the extinction. The same phenomenon occurs in sols pre-

pared by reducing H[AuC14 ] with trisodium citrate. One is therefore forced

to conclude that in these experiments SERS is associated with colloid

aggregation. Recently Creighton3 obtained the SER signal for incident

photons all the way down to 400 nm, where the single sphere ought to have

a resonance (and where the extinction of aggregates also peaks). They did

" 3 not detect the maximum predicted by the single sphere theory.

One would like to understand these observations in terms of the

Ielectromagnetic theory for single.spheres and of the two sphere calculations of

Aravind et.al. [ 122] Even though the experimental systems did not have pairs

of spheres, but long strings of them, one might hope that the two sphere calcu-

Ilation may give some useful hints. The local field around the two spheres peaks

at two frequencies. The peak positions depend on the parameter X RoI(ZRo+D)

AL



where R is the radius of the sphere (the spheres have equal radii) and

D is the distance between them. One of the peaks is practically at

the single sphere resonance position for all A. The other occurs at

higher wavelength and its wavelength gets higher as.the spheres get

closer (X goes up). The computed high wavelength peak however is at a

substantially smaller wavelength than the experimental one (experimental:
[ 124]

up to 600 nm at long times; computed: up to 450 nm for very close

distances between spheres). This effect can be, however, understood

4 qualitatively. It was pointed out by Aravind et.al. [122] that a system of'4

two close spheres is similar in many ways to an ellipsoid. Now,

adding a third etc., sphere to the chain, in the process of aggregation,

corresponds crudely to a change of the aspect ratio (this is the ratio

between semi-axes) of the "equivalent" ellipsoid, from two to three.

This would change the extinction coefficient of an ellipsoid to a

higher wavelength. The change could be substantial and it might explain

why the extinction peak for strings of spheres is at 6 00nm. Furthermore the

calculations were done under the assumption that the two spheres were in vacuum.

If they were immersed in water the second peak would be at higher wavelength. 132]

The two sphere calculations find that the local field between the spheres

is very high. If the laser excites the short wavelength resonance the local

field squared is -790 times larger than that of the incident field. For the

long wavelength resonance this quantity is -Z000, while for a single sphere

it is 63 (at the same frequency as the short wavelength-two-sphere resonance,

which does not correspond to a resonance of the single sphere). Using the re-

ciprocity theorem we infer that the same enhancement is obtained in emission,

to give a total enhancement of 6.2xl05 , 4xl06 and 4xl0 3 , for an excitation

frequency corresponding to the low wavelength, the high wavelength and the single

sphere resonances, respectively. On this basis one expects that the Raman

signal is roughly 6.4 times higher when the laser excites the two sphere high

wavelength resonance, than when it excites the low wavelength one, and it is a-//5 -



thousand times smaller when the laser drives the single sphere resonance.

The two sphere results 122] cannot be quantitatively applied to discuss beads of

spheres, but they suggest that the experimental observations might be explained

by the fact that most of the enhanced Raman signal comes from molecules lo-

cated between the beads, when the laser drives the high wavelength resonance of

that structure. We emphasize that this is not a firm conclusion and that a detailed

analysis of unpublished data from R.L. Chang's laboratory,11 3 3 1 in which the

number of aggregated particles was counted suggests that this mechanism might

not account for all the observed intensity.

189. The interpretation of the results of Kerker et. al.[125 ] is even less

clear since neither the extinction spectra at various times, nor electron micro-

scope studies are available. The extinction spectrum is broader than Rayleigh

predictions for single spheres (Fig. 12) and has a shoulder at high wavelength.

If we assume that this is due to coagulation, the results can be "explained" in

the same way as Creighton's. The measurements are compared to the single

sphere calculations in Table 5. The observed enhancement is larger, by at

least two orders of magnitude, than the computed one. The excitation spectrum

predicted by the single sphere calculation peaks within the frequency range of

the light sources used experimentally. However, no peak is detected experi-

mentally. The intensity grows with the wavelength and if there is a peak at all

(we expect one) it is at X 647. 1nm. Note that this would be a higher peak wave-

length than those observed by Creighton.

§ 90. The most recent experiments are those of Chang et.al. [1 27,133 ] who

studied the Raman spectrum of Au(CN)- adsorbed on Au particles,(127 ] and that

of Ag[CN] 2 on Ag particles.133] The Au colloids were prepared I34l by re-

duction of KAuCI 4 with cold NaBH 4 (CN) 2 with cold NaBH4 (colloid A), by

reduction of KAuCl 4 with cold NaBH 4 (colloid B) and by reduction of KAu(CN) 2

with room temperature NaBH4 (colloid C). The preparation conditions are

different and they yield colloids of different sizes and degrees of aggregation.

The extinction spectra are consistent with the electron microscopy: the



higher the aggregation (C <B <A), the more pronounced is the high wavelength

peak. Colloid C is almost aggregation free. The particle radii are small

j(Rayleigh regime).

The Raman excitation spectrum (for a 2138 cm1 band corresponding

to a mode of Au(CN)2) for the colloids A and B (aggregated) follow

the pattern observed in Creighton's work: the enhanced Raman intensity

Ipeaks at the wavelength at which the "aggregation" extinction peaks areformed.
The colloid C is however another matter. From electron microscopy we

know that there are very few aggregates in the solution. One expects

ithus to see mostly Raman spectra enhanced by single spheres. The computed(1 1 3]

excitation spectrum peak for this case is at 550 nm (see Fig. 11). No

I peak is experimentally seen in that region. The computation also shows that

in the case of Au the enhancement produced by single spheres is rather

small. It is possible therefore that the predicted peak is below the

J sensitivity of the detector. The observed Raman signal appears at wavelengths

higher than 550 nm. This might mean that the signal is caused by the

I small number of aggregates present in solution or that a "molecular" mechanism

is at work. It seems to us that the number of aggregates is too small to account

* for all the experimental intensity..eic[ 126]ar

eriscer are the only ones, so fHr, who seem to

have detected signals resembling the theoretical predictions for the single

sphere enhanced Raman spectrum. They worked with pyridine adsorbed on

Ag sols prepared by reduction of . silver salt with ethylenediamine-
tetraacetic disodium salt. No electron microscopy was carried out and

the shape of the colloidal particles was not directly determined. The extinction

spectrum peaks at 440 nm, and it is thus consistent with the presence of

Ssmall (Rayleigh) radius spheres. The line shape is broader than that

predicted by computation and this might indicate that some aggregation is

1 present or that the imaginary part of the dielectric constant of the

spheres is larger than that of the bulk silver (see §79). The Raman

-'/7-



l excitation spectrum was measured for X> 480 nm and unfortunately

this range does not contain the wavelength where the peak predicted

l by the theory is located. However, for the existing wavelength points

I the Raman excitation spectrum does follow the extinction spectrum as

the theory suggests.

I §92. Work with matrix isolated spheres. A different system for

surface enhanced spectroscopy with spheres can be prepared by evaporat-

ing metals in a gas stream whose pressure is adjusted to permit particle

I nucleation. The jet containing the metal particles and a second jet con-

taining the molecules of interest can be frozen together on a cold surface.

I l The spheres will be thus surrounded by an "ice" formed by the molecules

whose spectroscopic properties are to be studied. Even though there is

extensive experience in preparing such particles[135] it is not easy to

prepare small spherical particles with the same radius. Claims that such

a situation has been achieved ought to be carefully documented.

* j §93. The first to carry out such experiments were Abe, Manzel,

Schulze, Moskovits and DiLella.[128"1 They prepared Ag spheres by a method

I described by Abe et. al. [135a] who established the fact (by electron micro-

scopy) that the method produces spheres of 100 A diameter. The spheres

were imbedded in a CO matrix.

There are three Raman bands, at the vibrational frequencies 2113 cm "I

-1 -1160 cm I and 64 cm - . They are assigned as CO stretch, C-Ag stretch and

, I AgCO bend, respectively. Roughly the same lines are observed for CO on

Ag films .136]

-le



IIThe excitation wavelengths used experimentally I 9 are to the right of

the peak predicted by the theory. The excitation spectrum of the 113 cm- line

resembles the excitation spectrum predicted by the theory. However

like in the Gerischer-Wetzel experiments, the experimental wavelength

range does not cover the region where the theory predicts a peak. The

excitation spectrum of the 160 cm- 1 line does not follow the extinction

curve and it slopes in the opposite direction. This is very unsettling

as far as the purely electromagnetic theory is concerned, since the

excitation spectra of two lines of the same molecule must have very

similar shapes (see §84) and be almost parallel..

It seems therefore that, if the 160cm " band is indeed the Ag-C stretch,

we must accept the presence of a "molecular" effect which completely alters

the frequency dependence predicted by the electromagnetic theory for the

Raman intensity of that mode. The fact that only the C-Ag mode displays

such an effect might be due to its closeness to the surface.

Some caution must however, be exercised in drawing any firm

conclusion based on experiments with samples that were not character-

ized in situ. Other explanations can be produced if one suspects, for

example, that sharp needle like features are present. The C-Agstretch signal

comes only from molecules bound to the surface while the CO stretch signal

comes from surface molecules as well as many molecules located far

from the spheres (§85). The enhancement near a needle like structure

is larger [ 1 4 ' I15] than that at other parts of the surface. Therefore the

C-Ag Raman spectrum might be dominated y the electromagnetic

properties of the needle while the CO spectrum is dominated by the

sphere like enhancement. This, for example, might explain the difference

between the excitation spectra of the two Raman lines.

-ll9 -



093. Conclusions. We feel that the small spherical systems

offer an excellent opportunity for the study of the interplay between the

molecular and the electromagnetic effects in SERS. Further experi-

mental work must however, be done to overcome the uncertainties

and the complications introduced by restricted frequency range, co-

agulation, uncertain particle shapes and modified dielectric properties.

111.3.2 Surface enhanced Ramnan spectroscopy with large spheres.

9.94. The theory of SERS on large spheres has been developed by

[137]Kerker, W4ang and Chew. The computation of the primary field has

been carried out by Mie and the results are discussed in standard

textbooks [8,11] The problem of dipole emission is the more difficult

part of the calculation. A dipole perpendicular to the surface has been

considered by people interested in radio wave propagation around earth.

Nomura[13 3 seems to be the first to solve the problem for a horizontal dipole.

Chew, Kerker and Cook[l393 studied the problem in the context of molecular

spectroscopy. Complete solutions, in terms of dyadic Green's functions,

which include both the near field and the radiation fieldcan be found

in Jones [41and Tali [4]

§.95. Comparing to the case of small spheres the major difficulty

comes from the fact that retardation cannot be neglected since the conditions

discussed at §.75 no longer apply. Therefore we must solve the full

Maxwell equations. On'n technique of doing this [8 ,11, 14, 140] expands the

electric fields (incident dipole, reflected and radiated field) in vector

spherical harmonics. The expansion coefficients for the incident and the

dipole field are known. Those of the reflected and radiated field are

determined from the boundary conditions. The resulting expressions are



rather complicated, but numerical values can be generated on a small

computer,with no difficulty.

-96. The physical structure of the theory is the same as in

the Rayleigh case. The sphere can resonate with the incident field

and produce, as a result, enhanced fields outside. For a small sphere

only one mode (dipole mode) can be excited by photons. Its frequency

is given by ReEl() = -2c2 (El(w) and £Z are the dielectric constants

of the sphere and of the outside medium, respectively). For a large

sphere many modes can be excited and their frequency is given byt81

Re {h4 1)(k a) Ck aj (k a)1- J(kla) [k2 a h (k2a)] } = 0 (-1I.77)

and

Re {h 1 ) (k2a) [klaj(kla)]' (kl/k) 2 [k ah (l) (ka) }O (1.78)1 2' 1= X 12.78 21

The first condition gives resonances for the TE (transverse electric) modes and

the second for the TM ones. Here £ = 1,2,... -, ki = , i - 1,2,

where Ci and pi are the dielectric constant and the magnetic permeability,

respectively, for the medium i (2 is the sphere). ik is the spherical

Bessel function and hl is the spherical Hankel function of the first

kind. We also use the notation, [xf(x)]' = (xf(x)

The imaginary parts of the expressions appearing in Eqs. (77) and (78) are

related to the strength of the respective resonance. The relative contribution

of various resonances to the total intensity (laser + near field) around the

sphere goes like one over that imaginary part squared.

The fields at the surface of the sphere have been computed by Messinger,

also, -



von Rabe, Chang and Barber.I '13] Some illustrative results are displayed in

Fig. 13. To give a feeling for the enhancement at the surface the

quantity

27r 7r
2 2 - .

QNF (R/na f fE Er sinOd d
o oI = a

is plotted, where Er is the reflected (practically, the primary)field

at the surface. This is compared to the scattering efficiency QSCA'

extinction efficiency QE and absorption efficiency QABS" Several

qualitative features can be noted by comparing the Fig. 13 to

Fig. 11. in which the same quantities were plotted for the small

particle limit.

The local field is substantially smaller for larger spheres. The

"excitation spectrum" is much broader. The extinction coefficient

and QNF do not overlap. In other words the theory does not predict that

the Raman excitation spectrum follows the extinction spectrum, nor that

the excitation spectrum peaks at the frequency of maximum extinction.

The results depend strongly on the radius but the above statements are

qualitatively valid at all radii.

997. A complete calculation of Raman scattering also requires

the computation of the emission. As explained in Section II we expect

the emission to have the same resonances as the reflected field. This is

confirmed by the calculations of Kerker, Wang and Chew [i 37] who show that

the emission resonances are given by Eqs. (77)and (78), with the incident

frequency W replaced by the emission frequency w - w .

I
I tI



Detailed calculations of the electromagnetic enhancement for

various polarization schemes were computed by Kerker et al.[137 1 Some of their

results are reproduced in Fig. 14.

In all these calculations the laser is incident along the z-axis

and has the electric field along 0y (v-polarized). The detection

plane is xOz, with the detector on the positive x axis. The detector

accepts only photons with the electric field vector perpendicular to the

detection plane (x0z) (v-polarized). The Raman dipole is located along the

0y axis and it is perpendicular to the surface. The Raman band has

-l
the frequencyw = 1010 cm corresponding to a pyridine line and the

v

material is Ag (Johnson and Christy [141] dielectric constant).

Figure 14(a) displays- the dependence of the enhancement factor on the

incident wavelength, for three radii. For a = 5 nm we are in

Rayleigh regime while 50 nm and 500 nm are in the Mie regime. Obviously the

enhancement goes up with the radius (in the Rayleigh regime see §84),

and once the Mie regime is reached it goes down. Figure 14(b) shows the

enhancement as a function of the ratio r'/a, where r' is the location of the

dipole and a is the radius of the sphere. For a radius of 5 nm, the incident

resonant wavelength is X = 382 nm, for a 50 nm, X0 = 511 nm and for0 0

a - 500 nm, X0 = 528 nm. The enhancement is remarkably long ranged.

Figure 14(c) shows the dependence of the enhancement on the particle radius,

for two incident wavelengths (382 nm and 514.5 nm). There are conspicuous

oscillations which will probably be smeared out if the suspension prepared

experimentally has spheres of various radii.

I -423-



§98. We conclude this section with a technical comment con-

cerning the apparent contradiction between the Efrima-Metiu theory

for flat surfaces z ' 21, 23, 24,142 ] and that of Kerker et.al,[ 1 3 7 ] for

spheres. This has been discussed at length in Appendix B of Kerker et.

al.J1 3 7 1The multiple scattering effect introduced by Efrima and Metiu is

the image field. The "multiple scattering" concept was introduced because

Ehe image field was comp-uted by'an 'infinite order? perturbation theory. The
th

n order term in the infinite perturbation series represents n successive

scatterings between the dipole and the surface.

The same image effect mustbe present in the case of the sphere. For

the case of a perfectly conducting sphere it is easy to prove (see, for example,

Ref. 10, Ch. II, §3) that if the ratio (d/a) << (d = molecule sphere

distance, a = the radius of the sphere) the "image" field is identical to

that at a flat surface. The same is true for a dielectric sphere, as dis-

cussed in §105-§111. We cannot concur with a statement[137] that such

fields are much smaller for a sphere than for a flat surface,or that they

are small near the surface.

Fortunately, the issue is irrelevant to normal Raman scattering, where;

the image field is unimportant (§20 and §21). The fact that Kerker et al.[137 ]

I leave out this field does not affect any of their conclusions, which were

confined to normal Raman effect. The image field is very important

however for electronic absorption, fluorescence life-time and intensity,

and resonant Raman scattering. It was taken into account by Efrima and

IMetiu since they explored the possibility that SERS might be resonant

Raman scattering disguised by surface effects.

Since the calculation of Kerker et al.[137lis rather tedious, we have not

I

I -



I gone through it in detail, to find why they arrived at the conclusion that

the "multiple scattering" effects (i. e., the image field) is small for sphere.

I We venture to mention two possibilities: (a) Maybe they used an asynp.-

totic formula for their dyadic Green function, since in many works on

dipole radiation near a sphere only the radiative part is needed and the

1 part giving the near field is eliminated. (b) Or their computer program

failed in computing the image field at small molecule-sphere distances,

I for which the convergence of the multipole series is extremely poor.

Again, we emphasize that the Raman enhancement factors computed by them

are not affected by the image field and their results are correct. And so

I are the results of Efrima and Metiu.

§99. The fluorescence of molecules located near or inside a sphere.

I Fluorescence can be detected by two methods. The first keeps the laser

intensit y constant in time and monitors the emission intensity. This method

is most convenient in those (frequent) cases in which the emission frequency

I differs from the excitation one. The second method turns the excitation

source off (or on) suddenly and monitors the decay (or the rise) of the

I emission intensity.

The stationary experiments give easily the quantum yield (the number

I of emitted photons per incident photon). The relaxation measurements

I give easily the fluorescence lifetime. If the data is compared in detail to

an adequate theory, the two methods provide the same information.

I §100. When analysing fluorescence from the point of view of SES one

must take into account two complementary effects. (a) There is an electro-

I magnetic enhancement similar to that of Raman scattering. The reflected

field can be enhanced and this yields an increase in the number of

excited molecules, which in turn causes an increase in the emission

intensity. A further increase can be achieved in emission, through

a resonance in Gs (see 981). In this case the non-radiative near field



of the dipole excites radiative modes (i.e., electromagnetic resonances)

of the solid, which emit brightly and add to the total radiation. (b) One must

I however also take into account a process which is important only for

fluorescence, resonance Raman or absorption spectroscopy. The dipole excites

non-radiative modes of the surface and these provide the molecule with

I a photon (i.e. energy) loss channel. The life-time is diminished and in

some cases the fluorescence could be completely quenched.

I The outcome of a given experiment depends on the interplay between

these two effects. This interplay is made interesting by the fact that

I the efficiency of the two effects has a different distance and frequency

dependence and one might influence the outcome of their competition by

changing the material, the geometry, and the emission and excitation

I frequency.

For example, on a flat surface (see sectionlll.I.3) the enhancement is

I minimal since neither the reflected field nor the emission process are

resonantly enhanced (§27 ). The quench is very effective, at small molecule-
surface distances, since the dipole couples either to electron-hole pairs

1 or to the surface plasmon, which cannot radiate. Thus, the fluorescence

from molecules located very close to the flat surface is severely quenched.

I On the other hand, if the surface is a sphere one expects both intensity

enhancement and a decrease of the life-time. The experimental conditions
determine which of these effects dominates the behavior of the observed intensity

I A qualitative demonstration of the difference between flat and

particulate surfaces was provided by Ritchie, Chen and Burstein j14 3, 3They

have shown that the fluorescence of organic dyes (fluorescein, rhodamine 6G)

is readily detectable when they are deposited on a glass surface.

I However, no fluorescence is detected if the molecules lie on a smooth Ag

surface. The signal reappears if the molecules are deposited on small Ag

islands.



I

I

i §101. The steady state experiments have been examined by theoristJ139,
144 - 14

and performed in the. aborator 149]Jwell before anyone was aware of their connectiot

I to surface enhanced spectroscopy, which at that time consisted of poorly

understood SERS. The problem arises in biology and aerosol studies

in which the fluorescence (or the Raman spectrum) of molecules imbedded inside

g spherical (or spheroidal) particles is measured. Furthermore, the fluorescence

of dyes located on cylindrical surfaces (e.g., textile, plastic or glass

fibers) can be used to determine very accurately [150] the radius of the

cylinder.

I The physics of the emission process when the dye is inside the sphere

is very similar to the case when the molecule is located outside.

The mathematical, and some minor physical details differ.

The theory was worked out by Kerker and his collaborators.[139,144
- 14 8 ]

The electric fields of the dipole and laser, the field reflected by the surface

I and the field inside the particle are all expanded in vector spherical

harmonics. The expansion coefficients are determined from the boundaryI
conditions. The fact that the polarization of the sphere by the

I molecular dipole affects the molecular polarizability is ignored. Thus

the change in fluorescence lifetime caused by the fact that the particle

I is inside the sphere does not appear in this calculation. It is possible

that for the dielectric spheres considered in that work|144- 148 the error

I caused by this omission is small.

The main physical result provided by the theory is the prediction that the

near field of the emitting dipole drives the radiative resonances of the

sphere and make them emit. As a result the emission intensity has peaks

at the frequencies of these resonances. The resonance frequencies are the

I same as the ones given in §96. This statement has been tested experimentally

I



by Benner, Barber, Owen and Chang. [49 They used 9.92 Urn polystyrene

spheres containing a uniform concentration of dye. The sphere is

driven by the 457.9 rn line of an Ar +laser and the fluorescence of the dye

is monitored in the wavelength range 445-565 nm. The resonant peaks

are clearly displayed in Fig. 15. Their position is so sensitive

to the particle size that the dimension of the sphere can be obtained by

this method with higher accuracy than the prescription of the manufacturer.

! 102. Relaxation studies of fluorescence. It seems that in all

I but the simplest models, relaxation problems are more difficult to solve

than steady state ones. A steady state experiment measures the Fourier

transform (over time) of the field. The corresponding

I computation therefore, must Fourier transform Maxwell's equations and solve

for the desired Fourier component of the field. The relaxation experiments

I follow the time evolution of the field, as it is decaying from a pre-set

value. Thus, in computations we must Laplace transform the MaxWell

I equations (to introduce the initial condition in the problem), solve for the

I Laplace transform of the field and inverse Laplace transform it to get time

evolution. It is this inverse Laplace transform that makes the relaxation

I problem more difficult than the steady state one.

One would like therefore to use models that can simplify the calculation

I and maybe make the physics more transparent, while still giving reliable

results. An attempt in this direction was made by Gersten and Nitzecn[1511 and

the resulting equations were applied by Nitzan and Brus.[12 5 We present

here a simpler tramni14 vn roughly the same level of accuracy.

§103. one of the main reasons why the relaxation calculations are

Imore difficult than those involving steady-state harmonic fields, can be
seen by examining Maxwell's equations. The problem appears because the



I

I electric displacement D(r';t) depends on the electric field through

I the equation

I D(r;t) f E(t-t')E(r;t')dt'. (11.79)

I Because of this the Ampere and Poisson equations are integro-differential

equations:

t

V x H(r;t) C -I J E(t-t')E(r;tl)dtI (1180)

I and

t

f Ltt') V(;t) dt= 0I 0

For a steady state, harmonic field these equations become

gV xH(r;o) = -(iw/c)s(W)E(w) and E(W)VE(r;O) = 0. The integral disappears

and the resulting equations are much easier to solve than (80) and (81).

I For a relaxation problem no such simplification takes place.

1 Substantial progress however, can be made in solving (80) and (81) if

the following simplifying assumption is accepted. We recognize that

in most problems of interest here i(t) can be written as 
'(t) = ( (t)e-it

where E° (t) is a slowly varying function of time. Since we are looking
* 0

at relaxation problems E (t) must decay to zero and we assume that it does this0

in an enormous number of periods 2w/w. We then make the key assumption

which consists in replacing Eq. (79) with

I

D(r;t) E 0 (r,t)e-i °  £(co ) (. 81)

ii



I
I

I This essentially states that the dielectric responds to the fast,

harmonic part of the field only. On physical grounds we feel that this

I assumption is reasonable as long as the relaxation time is much larger

than 2/W 0 We have however no numerical analysis to back this up.

I Obviously, the use of Eq. (8 2 )turns the integro-differential

Maxwell equations into the differential equations (local in time),

V x Hi(t) e(u ) at and e(w )VE(r;t) = 0.
() at 0

I ~f04. Once we put Maxwell's equations in this tractable form we

turn to the Drude-Lorentz model for the molecular oscillator. To eliminate

I all directional complications and concentrate on conceptual aspects only,

we consider a dipole directed along the Oz axis (perpendicular to the

surface of the sphere), and an incident laser beamcoming along the Oy axis

I with the electric field vector polarized along Oz. The molecule is considered
4-.

to have the oscillator strength tensor f = f so that a field directed along

I Oz induces a dipole along the same direction. We can therefore write for the

induced molecular dipole (this is the "oversimplified model" of §18):I
I + r (e/ (t) + Er (t) + Em (t)]. (M11. 8

I Here Ei, Er, and Eim are the incident, reflected and image fields,

respectively C§4).

I
I
I
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§105. Following the simplifications introduced in Maxwell's equations

I at §103, we can now compute the reflected field from Eqs. (56-58) of §76. The

result is:

i Er(t) 2(t) 2)) E.(t) aB E.(t) (111.83)
(a +d) 3  (a +d) 3  

1

I The image field can be computed using the methods outlined by

Stratton [ 8 ] - (Chapter 3.23, p. 204) which give

Eim P(t) (n + 1)7(EI(W) - C2)(E:() (n +1) E2)

(111.84)
2n + 1

[a/(a + d)] (a + d)- 3 - y(w,a,d)i(t) - yl(t)

In these equations E1 (w) is the dielectric constant of the sphere

at the frequency of the outside field and e2 is the dielectric constant

I of the medium in which the molecule and the sphere are imbedded. d is the

distance from the molecule to the surface of the sphere and r is the distance

of the molecule to center of the sphere. We have £ = /r and I = (a + d)

I where a is the radius of the sphere.

Introducing Eqs. (83) and (84) in Eq. (82) yields

I
ji(t) + wJ2 i(t) + Pob(t) -- (e 2 /m)fE (t) + (e 2 /m)fyM(t) (II. 85)

I
I
I

-/31 -
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I
with the effective oscillator strength given by

I 2(E,(w) - C2) a

f= f(1 + B(w)) + f (111.86)
(E1 (W) + 2C2) d

I The dipole induced at the center of the sphere is

I p(t) = 3 p(t) + aEi. (111.87)
(a + d)

!
The emitting dipole is the sum P(t) + p(t). To compute the emission

I intensity as a function of time we must solve the differential equation (85)

and then compute p(t) from (87). One can do this numerically or

I by using Laplace transforms.

§ 106. A lot of insight into the physical role of various terms

appearing in (8 5 )can be gained by following the procedure used in

§25 (see also 020). For this we consider a harmonic field Ei(w)e-iwt

and solve Eq.(85) for P(W) (defined by 11(t) = I(w)e-i t). We obtain

I
2 - (e/m)? -E (w)E(M (111.88)

!I w() '° - _w 0~ 1 L(w )  eff( )i

with

02 W2 _ (e/m) f Re y(a,d, w) (111.89)0 0

I and

To  = 0 + (e 2 /mW)f Im y(a,d,). 
(111.90)

I
We see that the presence of the sphere shifts the frequency and the widthI



I

of the oscillator by quantities that are proportional to the real and the

I imaginary part of the image field, respectively. The structure of the

i theory is identical to the general theory of EZ0 and §Z5. However,

the width has specific properties caused by the fact that the

I surface is spherical and the radius is small.

j 107. We analyse now the contribution of the sphere to the

I width(Eq. (19)). Using (9(b and (84) we obtain

I ~~ ~ ~ ~ 0 r= [(E(N) - 2)-...--+i(II9)
fr = r + (e 2 /mu)f (n + 1)2 Im ( 2 ) (111.91)I0 0 Z' + --)2n+l (a:d)W +r Qp

[a/(a + d)] (a + d) - r + r
0 sI

The second term is the rate of energy flow from the molecular oscillator

into the sphere.

The term corresponding to n 1 is easy to interpret. We write it asr Cs1-c 2 ) ] ____ 2

(e 2 /mW)f 2 Im j a3  2 = (e 2 /mw)f 2 Img(w") - ,

(a+dL )J (a+d)3  (a+d)3  (a+d)3

with the polarization of the sphere 8(w) given by Eq. (58) §76. This

I represents a process started by the dipole p, which exerts on the sphere

the field 211/(a+d) 3; this induces the dipole 8(w)2p at the center of
(a+d)

3

3 the sphere, which in turn exerts on the molecular dipole the field

[2/(a+d) 3]8(W)12/(a+d)3]. Therefore this part (n = 1) of the rate of energy

I transfer rs corresponds to the molecular dipole inducing a dipole in the

i sphere and interacting with it.

A portion of the energy transferred from the molecular dipole to

polarize the sphere is radiated by the dipole induced in the sphere; another

portion is lost irreversibly to heat up the sphere; the remainder may be

I temporarily (reversibly) stored into the sphere.

.. .../3 ... . . ., . . . ., , .. . . . . . .



I The terms corresponding to n = 2,3.. .etc. represent the processes

by which the molecular dipole induces a quadrupole, etc... in the sphere

I and interacts with it. The energy stored in these multipoles (other than

the dipole) cannot be radiated. Part of it is irreversibly lost to

heat up the sphere and the remainder is stored reversibly.

§107. The width r s in Eq. (91) has a veryinterestingresonant behavior

and distance dependence, which is analyzed here. Let us assume that

I we look at the emission of a molecule at the frequency j. The emission0

lifetime is r 0 and it is diminished whenever r goes up. An increase

in r must occur whenever
s

Ree1 ( ) + (n C2 = 0, n =1,2..., (III.92)

I since one of the denominators in r (see Eq. (91)) is minimized. This

is not however sufficient for a large effect. Additional conditions are

examined below. Since Im L J = ((2n+l)/n) 2Ime1 (W) Recl(w )
( () + (n+l)2/

((n+l)/n)2 I ))2 - we have, for &o satisfying the resonance

(El -E2) (2n+i)C2
Icondition (92) Im £ + (n+l)e2/n n Im C1(M Inserting that in

Eq. (91)we find that the resonance condition (92) will result in an

I enhancement of r if
s

I ImC 1(CO) is small, (1i.93)

(o

I0
I
I

I



2n+l (1.4
I -(n+l) 2 [(2n+l)/n] (a/a+d) (a+d)-' (111.94)
n

I at the value of n entering in Eq. (92) is larger or comparable to the

values it takes for other n.

Whether or not the condition (94) is fulfilled depends on the radius of

I the sphere and the molecule-sphere distance d. This is shown by Table 6

which gives the values of I for a variety of n values and distances.

In Table 3 we show the resonance frequencies wn for Ag and Au and the

value of Im e(w )-.

These two tables allow us to understand how the resonances of the

sphere participate in modifying the lifetime of the molecule.

§108. If one were to make a-guess concerning r one would suggest that

n it is largest for molecules located very close to the surface and that.-

at small distances d its value is identical to that obtained for a

I molecule that is located at the same distance d from a flat surface.

We know that this is true in the case of a perfectly conducting sphereI0l

when the image field is equal to that at a perfectly conducting flat

m surface, if d/a << 1. However, a perfectly conducting sphere does not

have resonanzes. When we consider a dielectric sphere its resonances

I play a fundamental role in taking the energy from the molecule. On a flat

surface a dipole excites only one non-radiative resonance, the unretarded

plasmon (resonance condition: EI( =-E2) , and the fluorescence is thus

I quenched very effectively[36] The sphere has quite different resonances

(resonance condition Cl(w) - -[(n+l)/n]e 2) and we need to understand why,

-in spite of that, if d/a <<I they will quench fluorescence like the

flat surface resonance.

I
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I The answer is provided by Table 6. If (d/a) is small, the terms

corresponding to small n in the series appearing in Eq. (91) are unimportant

(see Table 6). So we can modify these terms slightly without dire

consequences as far as rs is concerned. We can therefore, for small n, replace

(n+l)/n, under the Im sign in Eq. (91) with 1. For large n the replacement

U of (n+l)/n with 1 is accurate. Hence, if (d/a) is small we can take

I l - E2) IM(-) I for all n, without causing serious
ie+(n+l)e2/n = C1 E2 1

errors in r . The series obtained in this way can be summed up to give
5

3 (in the limit d/a << 1) the flat surface image formula.

§109 On the basis of the information developed so far we have the

I following expectations for r . For small distances the lifetime is5

exactly equal to that of a molecule located near a flat surface. From

Table 6 we infer that small deviation from this rule might appear only

3 at d/a = 50/300 = 0.16. Experiments with flat surfaces [40,43](133) show that

fluorescence can be detected even for molecules as close to the

surface as 10A. Therefore, a molecule located at 10A from the surface

of a sphere will also fluoresce.

3 Consider now what happens at larger distances. From Table 6 we

I see that the resonances with n=l,..., 5 contribute most to rs. These

are different from the flat surface ones. If, for example, the sphere

3 is made of Ag, and if a=300A and d=150, a molecule emitting at the frequency

3.48 eV excites the resonance n = 1. The first term will contribute to the

I sum in Eq. (.91) the quantity lI(Ime(wl) 1-1 = 0.39x10- x 1.61 = O.63xi0-7

(see Tables 3 and 6). This will make the n=l term somewhat larger than

the others, for which w - 3.48 eV is an off-resonance frequency.

3 A molecule emitting at 3.56 eV will enhance somewhat the term n=Z, etc..;

Since the molecular emission has a broad band it is possible to studytheU

I



I emission and measure the life-time at various emission frequencies.

According to the above analysis one can get different values for the lifetime

at different frequencies even though the photons come from the same

4 3 molecule and the same electronic state. The fact that the emission from

molecules located at all distances to the sphere is simultaneously

detected, makes however the analysis very complicated.

§.110. So far we have discussed the modifications of the life-time,

I introduced by the presence of the sphere. The Eq.(88) shows however

that the presence of the sphere also modifies the oscillator strength. The

effective oscillator strength f given by Eq. (86 )reflects the

3 presence of enhanced emission, as discussed generally at §11 and

specifically for sphere, at §82.

I The effective oscillator strength is enhanced if the molecule emits

at the frequency w 0 of the dipolar resonance of the sphere. Since f appears

in the emission intensity squared, the enhancement by different materials

is proportional to [Ime(wj)] - . The distance dependence of f2is

[a/(a+d) ]6  and therefore the enhancement effect is long ranged.

3 Note that the lifetime and the effective oscillator strength have

different dependence on d. The lifetime varies faster, at small d, where

Ua d-3 dependence (like for a flat surface) is valid. It is conceivable

U that in some cases for small d the oscillator strength is very large but

the lifetime is so short that the emission is not detectable. Therefore,

I the molecules located at moderate distances emit most effectively.

Note that the analysis pursued here is relevant to the question whether

I one can carry out surface enhanced photo- chemistry. Bringing the molecule

u close to a sphere will result in an enhanced oscillator strength and therefore
in an increased population of the photo-active state. However, the life-time

I becomes very small and the molecule will transfer the photo -excitation

energy to the sphere before a photo -decomposition or rearrangement can
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Itake place. Therefore, in spite of the increased local laser intensity, the

rate of the photochemical processes is diminished if the molecule is too

I close to the surface. At distances of roughly 20-30A the situation is

changed. The oscillator strength is still enhanced but the life-time is

considerably increased, so that a rate enhancement becomes possible.

-
I
I
I
I
I
I
I
I
1

I
I
I
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Ill. 3.3 Surface Enhanced Speetroscopv on Smrall Ellipsoids.

- § 1l1. An ellipsoid is a reasonable model for the elongated or flattened

I particles formed in the course of metal vapor deposition on glass slides.

Such particles have some advantages over spheres.

(a) For a small sphere there is only one dipole resonance frequency

I for a given material. For a small ellipsoid, the dipole resonance fre-

quency can be continuously changed by varying the aspect ratio (i.e. the

I ratio between the semi-axes). This is important since it provides a possi-

bility of matching the particle resonance with a molecular resonance of

interest, by changing the shape of the particle.

(b) Calculations [1]with prolate spheroids with high aspect ratio

show that the reflected field is substantially enhanced in regions located

near high surface curvature. This effect is present at all frequencies

and therefore permits large resonance enhancements.

I (c) Small ellipsoids are better enhancers than spheres. A Ag

ellipsoid of very high aspect ratio can poie[53a Raman enhancement

factor of 10 1, for a molecule located at the tip. Even if the molecules

are spread around the ellipsoid, and the ellipsoid position with respect

to the incident field is random, poor enhancers like Au and Cu can

.lid 6 7

provide' a Raman enhancement factor of 10 -10 , if the aspect ratio

The drawback of such systems is that we cannot yet prepare them so

I that the values of the semi-axes have a known, narrow distribution. This

makes it difficult to test the theory in detail.

§ §112. Several groups(! 15 116, 155 - 157] have discussed the electrodynamic

theory of SES on ellipsoids. We review here some of the results of Gersten and

INitzan [ 115 since they used the simplest model, which displays some.of the

.....I.



I
important physical effects. We quote then selected results from the work

of Wang and Kerker[ 1 1 5 since they computed observable quantities, by

using the most realistic mode] to date.

§113. In solving the electromagnetic problems appearing in surface

3 enhanced spectroscopy on small ellipsoids, we follow the pattern established

in describing the work on small spheres. We need the reflected field, and

the reflection tensor, which multiplies the oscillator strength. For reson-

I ant Raman, fluorescence and absorption studies, we need the change in life-

time, given by the "image field." In order to understand the emission by the

I ellipsoid-molecule system, we need to know the dipole induced in the

particle by the molecular dipole. Since the ellipsoid is small compared

to the wave length, we can obtain all this information by solving Laplace

I equation (175).

1 §114. In order to obtain the simplest possible results, we consider~llSl

a prolate spheroid with the semi-major axis a and the semi-minor axis b.

I The coordinate system has the oz axis oriented along a and the origin at

the center of the ellipsoid. The molecule is placed on the oz axis at

I a distance H from the surface. The incident field and the induced molecular

dipole are taken parallel to oz.

The problems stated at §113 are solved by seeking a solution of Laplace

I equation in a system of prolate spheroidal coordinates ( , T), 0). The

equation F = constant generates a family of prolate spheroids.. The surface

I of the metal is given by - a1 &0 and the position of the dipole by

= a + H)/-- E& and T = 1. Herel = (a2 - b2)1 / 2.

The potential outside the sphere has the form:"9 ]

I

I
I



-E(n, ) = Ef + (lf2 Z (2n + 1)P () n(C,)P Cr0n(771

+n E cP(n)Q() (I. 95)

I The first termn is a "spatially homogeneous" incident field, written in

3 ellipsoidal coordinates. The second is the field exerted by the molecular

dipole g at the point ( , 77)for to< < I' The third is the field caused by

i the polarization of the ellipsoid. There is no 0 dependence because a

highly symmetrical arrangement is considered.[11 5 ]

I The symbols Pn and Qn denote the n-th order legendre polynomials of

first and second kind, [ 158 ] respectively. The potential inside the ellipsoid

is written as

(D (n E b P (n]) Pa M (TT.'96)

in(Q )  n n n

1 The constants b and c are unknown.

The expressions (95) and (96) are solutions of Laplace's equation,

I chosen to give a finite potential at the center of the ellipsoid and a zero

I potential at infinity.

The values of bn and cn are obtained by requiring ot and $in to

satisfy the boundary conditions for = and arbitrary values of n.

This yields

(C- l)f 0 
6 n, 1

Cn = EQ ( E Q iI -"

(2n + )(i - 0 n .(111.97)

f2[ CQ n(Eo0rn(Eo) - Q n(Eo )P n(Y)]

I Inserting this into the third term of Eq. (95), we obtain the potential

caused in the vacuum by the polarization of the ellipsoid. The term pro-

portional to Ei gives the polarization caused by laser and the one propor-

I tional to ', gives the "image effect". The electric field along the

I



I
z-direction, at the dipole position (x = 0, y = 0, z a +H) -

(T = 1, 0 - 0) is

1 E =- Q- _) + E. (M.98)
z out n nQ'(

I Inserting the expression (97) for cn into (98)we obtain for the z-cornponent

of the reflected field

(1 - )o 0 Q'l ( )
EZ = Ei = B()Ei (M.99)I ~ ~~~z,r [ (c o) - o ()]

and for the z-component of the image field

ni n l ) ( ,Q- ,) P' (C ) (Q' (E1))2P (C°)

noi no o/f I: ( O n & ) -Q ( O P ( O
E 115. The reflecte,: field has a resonant behavior if the frequency

of the incident beam is chosen so that

I Re E(w) Ql 0) = t 0Q'I( 0). (III. 101)

I The resonance frequency can be easily computed since[8]Q1(Uo) =

(O/2) 1 -1) . The equation (101)is the analog of Eq. (60) §77

I which gives the resonant frequency for a sphere. In fact, as a-- b, Eq.(101)

reduces to Eq. (60) @ 77. While a Rayleigh sphere has only one resonance

frequency per material, the resonance frequency ofa smallspheroid depends

on the aspect ratio Ca/b). A plot of this dependence is given in

Fig. 16. The resonance of a Ag spheroid can vary from near infrared to

I blue.

The ability of various materials to enhance resonantly the reflected field

depends on the magnitude of Im E(w res) since at resonance the reflected

field becomes

(Ezr)res = (I- EO res!oQ (%o (I E(ires) 0( o)) "I  (111.102)
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1 §116. It is now easy to compute the effective polarizability, by

following the derivation outlined in 6 104-106. Since we used here the same

notation as in 9104-106, we obtain

i(W) _ ( 2 - W2i wro)-(eE/m) " (II. 103a)

I + B), (M. 103b)

Io 02 - (e2 /m)f Re 9(w) (III. 103c)

I and

r = r°+ (e2/tM)fim X(W). (IIl. l03c)
o 0

The quantities B and are defined by Eqs. (99) and (100), respectively.

I The results follow the pattern established by the general theory

1 (520) and the work on spheres (§104-106). The. effect of the spheroid on the

molecule is to increase the oscillator strength from f to f, to shift the

resonance frequency from w to and the width from r0 to r. The change

in oscillator strength is due to the reflected field and the shifts in

I 0 and F to the 'image field".

For normal Raman scattering the laser is operated so that W0>>W and %>> W r.

therefore p becomes po f (e2/zw2o)• E1 = * E (1 + B)Ei, where
00 E~hr

S= ffi(e2/MW2 0)f is the static polarizability &(w = o) of the free

molecule. Thus, the image field and the corresponding changes in the

I polarizability are irrelevant. Only the change in the oscillator

strength matters. In the case of resonance Raman we operate the laser at

w and the theory ought to be done carefully.[21] In the case of

I fluorescence decay experiments, the intensity depends on both the lifetime

and the absorption oscillator strength.
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I
§117. Surface enhanced Raman scattering near ellipsoids. According to

the discussion in 9 116, the Raman dipole is given by

WRS - W ) - ( ) 5Q ( ) 6Q (1 + B) Ei (m. 104)

I3 where 6Q is the normal mode of interest. This dipole radiates photons of

frequency w - Liv directly to the detector, and also drives the ellipsoid,

I polarizes it, and makes it radiate at the frequency w - w . We detect the
v

I radiation produced by both these processes and therefore to obtain the

total Raman intensity we need to establish what is the dipole of an ellip-

I soid driven by pRS The answer is given by the asymptotic form

(for + w) of

I 0. out (, ) 0 cnn( )Q n (0) ,  (T .I105)

with c given by Eq. (97). We can identify the dipole corresponding ton

I the polarized ellipsoid because we know that for large E the potential

caused by a dipole p located at the center of the ellipsoid and oriented

along oz is of the form (f7). Comparing the asymptotic form (large E)
-z

of Eq.(105) to pq(f)'2 gives

p = 1 .- B(W - w ) p (M.106)
cQ1(%) - EoQ' (Y )

Note that in the case of SERS the dipole of interest in Eq. (106) is

given by the v RS of Eq.(104) and the frequency (at which the dielectric

constant e of the metal must be taken) is w - w v

The total emission arriving at the detector is due to the coherent

I sum of p and VRS' exactly as in the case of the sphere (§83,84).

I
I -/qL/"
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The field reaching the detector is

ECR W W) (R W W - (P +)z11.17
d - d v (RS+pi, (III.107)

I where L is defined by Eq. (63) 981. Using Eqs. (104) and (106), we find

that the intensity is proportional to

RS a I G0(R d;W - W i) 2 I( + B(W - Wv)) o SQ (I + B(w))[2 (l.lq

I
Comparing to the case of the sphere we find that B(w) replaces the

I expression#T appearing in Eq. (74), 184.

Maximum enhancement comes from the term containing fB(w - Wv) 12 JB(w) 12

since B is generally larger than 1 and can become rather large if either
W = Wres or w - w v = w res; the resonance frequency wres is discussed in

§115 and is given by Eq. (101).

I §118. -To illustrate the properties of the enhancement

caused by the ellipsoid we reproduce some of the numerical results

of Gersten and Nitzan! These were obtained for a half-ellipsoid im-

i bedded in a perfectly conducting half-space. As we explain in Section 115,

this is equivalent to having a full ellipsoid and two dipoles placed on

the oz axis so that one is the mirror image of the other with respect

to the mid-plane of the ellipsoid. Therefore the plots in their paper are

I relevant to the present section. While the numbers are not the same for

a full ellipsoid and one dipole, the order of magnitude and the trends are

very similar.

I In Fig. 17 ' we present the enhancement factor for Raman intensity

as a function of photon energy. Note the enormous enhancement of 10 1for

I Ag at the resonance frequency. The peak value for Cu and Au is smaller

(since Im E(w) for them is larger than for Ag), butit is still substantial.

4
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I Note that in Eq. (108) the factor's B that contain the resonant denomin-

I ator appear at two frequencies, contributing to the enhancement factor

through IB(w - Wv) 12 IB(w) 12. However, Gersten and Nitzan [ 1 15 ] took both

I frequencies equal and this increases to some extent the enhancement factor

at resonance frequency, since the approximate factor IB(w)1 used by them

I has a sharper resonance than the correct expression IB(w - wv) 12 IB(w) 12.

IFor Ag, whose resonance is very narri, , B(w - u v) 12 B(w) 12 may give a

double peak if w is larger than or comparable to the width of the resonance.

I This seems to be the case for pyridine where w v is of order 1000 cm - I and

the width of the electromagnetic resonance is roughly 40cm- . Such a peak

I does not appearin the GN calculations but it is present in those of Wang and

Kerker. [
15 5

As we discussed in § 79, the dielectric constant of a particle whose

size is smaller than the mean free path of the electron (200 - 300 A) is

expected to be lossier than that of the bulk material. The resonant

enhancement is therefore expected to be smaller than the computed one, and the

I resonance broader. The two peaks mentioned above may be washed out by such effect

Furthermore, unavoidable statistical dispersion in a and b will cause different

ellipsoids in the sample to have different resonance frequency, causing

a further smear of the sharp resonance predicted by Fig. 17.

I The dependence of the enhancement factor on the molecule-ellipsoid

I distance is displayed in Fig. 18. In all cases the enhancement is long

ranged and its rate of decay with H depends on the aspect ratio. The

I decay is faster for more elongated ellipsoids. The shape of these curves

seems to be independent on frequency, (Fig. 19). Note that

I the enhancement factor is fairly large even for off-resonance frequency.

This is due to the high curvature of the tip of the ellipsoid.

1I1%



One should keep in mind that the geometry discussed here [1 1 5 ]

is very peculiar. The field and the dipole are along the semi-major

axis and they couple only to modes in which the plasma oscillate in

that direction. Other modes can be excited if the driving field has a

component along the .emi-mitior axis b. These modes have different

resonance frequencies and properties from the ones discussed here.

Furthermore, the molecule is placed near the tip, where the enhance-

ment is likely to be largest.

§ 119. Very recently Wokaun, Gordon and LiaJ159] pointed&out that

since the dipole induced in the ellipsoid by the external field is very large,

it might be necessary to take into account the radiation reaction field.

j This is given L16 01 by E - (2/3c')*p, where p is the dipole of the system.

Applying this to the polarization of the ellipsoid gives (we assume a

diagonal polarization tensor for ellipsoid)

iI.ext 2

Pi(C) = (E1 (E1 + i (2w 3c )Pi), i = x, y or z (I1. 109)

I which leads to

pi (C) = ii(wEi (i ) aelff *Eext (. I10)
I- i.(2/3) (W/c) 3aii ()

j The reaction force changes the polarizability of the ellipsoid making it

smaller and "skewing" its frequency dependence. This lowers both the

I reflected field and the emission enhancement (which are each proportional

to p2) diminishing substantially the enhancement factor. There seems to

be some experimental support[159 ] for this idea.

I The reaction field should not be introduced in the Drude equation

describing the molecular dipole, since it is taken into account through

Iuse of the experimental natural linewidth.

|Ilq



§120. Recently VW'ang and Kerker11 5 5 have removed the geometrical

restrictions imposed by GN.[115] They considered an ensemble of randomly

oriented, non-interacting spheroids covered with a molecular monolayer,

with the molecular dipoles perpendicular to the surface. The Rarnaninten-

4 sity is averaged over the orientations of the spheroid. The enhancement
I -I

factors for the 1010 cm Raman line of the pyridine, for prolate Ag, Cu

I and Au spheroids in water, for various aspect ratios are plotted in Figs.

20, 21 and 22 as a function of wavelength. The enhancement for a Ag

oblate spheroid is plotted in Fig. 23.

The double peak mentioned at §118 is present for Ag at all aspect

ratios. For Cu and Au, it is only visible at the highest aspect ratio.

The peak enhancement grows with a/b, while the resonance position shifts

to higher wavelength. For Ag, a change of a/b from 1 to 3 changes the

I resonance frequency from blue to green. The enhancement is much lower than

the one predicted by Gersten and Nitzan. {I This happens because GN

have placed the molecule near the tip of the ellipsoid and the incident

Ifield was taken along the major axis of the ellipsoid, and these condi-
tions yield very large enhancements.

The resonant enhancement for Cu and Au is less than that for Ag

since Imc for these metals is smaller. It is, however, substantially

increased Iny going to larger aspect ratios, probably due to an increase

1 in the curvature effect, which is roughly equally strong for Cu, Ag

and Au. The oblate spheroids (Fig. 23) give an enhancement comparable

I to the prolate ones but the resonance frequency and the enhancement

i are less sensitive to the aspect ratio.

I
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§ 121. Receiat work by Liao et. al.[ 1 6 1 has tested some of the qua!-

I tative features predicted by the theory. They used a holographic method

I to produce a regular array of conical SiO posts, 500 nmhigh and 100nmin

diameter, and separated by 300 nm. On top of them they deposited, by

1 vapor condensation, Ag particles of regular and resonably uniform

ellipsoidal shape, with aspect ratio of roughly 3:1 and a dimension of about

1 100 nm. They studied the SER spectrum of the AgCN formed

I on the Ag particles. The excitation spectrum (Fig. 24) is in general

agreement with the Gersten-Nitzan[1153 calculations (Fig. '17). Changing-.

j the aspect ratio or dipping the structure in water or cyclohexane (to

change E2) modifies the excitation spectrum in the direction predicted by

I the theory. At first it may seem surprising that the GN theory which makes

1some drastic simplifications (the incident field is parallel to the

semi-major axis and the molecules are all located at the tip of the

1 ellipsoid) would fit the data so well. This happens because only the

shape of the excitation spectrum is measured. This quantity is least

I dependent on the position of the molecule. The measured enhancement

factor is m107 which is comparable to the predictions made by Wang and

Kerker. [ 155j

I Experimental work[6 with islands formed by vapor deposition is also

in general agreement with the theory.

I
i122. Absorption and fluorescence by molecules located near an

ellipsoid. In most cases the fluorescence process is a sequence of events.

I First the photon is absorbed to excite the molecule to an electronic state A.

This is followed by a relaxation process which can be (1) a radiationless

transition to an electronic state B or (2) vibrational relaxation to lower

vibrational states of A. After that, either A or B emits a photon and the

I molecule ends in the ground electronic state.

-Iq
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IThe equation (!. 46) 118 gives a rate of absorptioz proportional to

1 P(W1 ) E II(.) 1 + B(w1) 12 IE)

(w2 - 2)2+( - +

11 0 W ~zW 0 0_W2+2

To go from the second to the third term we have used Eq.(99) for the pri-

mary field, as well as the conditions w close to w and -%>> r. Assuming

l that the probability of the radiationless transition or vibrational relaxation

is the same as in the gas phase we can consider that the population of

the emitting state C (which is either A or B) is proportional to P given

by Eq. 111).

The dipole Ul corresponding to the excitation of C induces a dipole

p = B(w ) in the ellipsoid and the two of them emit coherently. In a

relaxation experiment the emission intensity at the frequency Ws is

I propor.ional to e- r1W)t Ip + !1 2 p, which gives

12r(W)11 + B(wi)12 e(-'(W )t
I c](l + B(w s) 12 Ii'(w) 12 (p s (I. 112)

[(-o - Wi ) + r(W)I

1 We have used here the probability of exciting the state C given by Eq. ( 1).

The dipole js (ws ) corresponding to the 
excited state C is (e

2 /m)f (((Wo -

]2 -iwr' -1,where the parameters ,I4 and f' corresponding to the state C

are used. Note that 1A' is proportional to the free molecule oscillator strength

I f'; the "renormalizatio'of f'to f (given by Eq. 103b) does not appear since C

1is not populated through an optical process (which would enhance f' through

the reflected field) but through relaxation. The width r is renormalized

1 because the image field is present during the emission process.

Assuming now that the frequency ws of the detected fluorescence

equals V we have 12 ; here is the free molecule

static polarizability ai = (e2f'/n/=1). Using this result we can write

Eq.(112) in the form (we retain only the terms that differ from the free

1 -5
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molecule case):

r~ l+ l(Wi)12  -(Li
i l(I + B(Ws  2'( ( )- (W , Wc 1 i( l -e (s>

[(W - i)2 + r(wi)2]

For a steady state experiment one should suppress the exponential.

§ 123. Since there are no detailed numerical studies of these quan-

I tities we can only give a general outline of what one should expect. The

widths r(w.) =r + r (Wi) and r'(wf) r, + r'(W ) have the general

Iproperties discussed at §107-110 for spheres. At small molecule surface

distances H the value of r(w) is practically equal to that at a flat sur-

Iface. This happens because in Eq.(100) giving the image field (hence r.)
the sum is dominated by the high n terms. This parallels the behavior

discussed at F108 for spheres. The distance dependence of r for small Hs

is H- 3. For this reason as H is increased r is rapidly diminished. As

we know from experiments with flat surfaces (Section II. 1) the fluorescence

I by a molecule located at the surface is very effectively quenched. This

happens because the factors r' and r appearing in Eq.(113) become very1
large. The exponential e decays very fast, overlapping in time with

I the excitation pulse. The detection of fluorescence is then more diffi-

cult. Furthermore, the absorption line is very broad and the absorption

is inefficient. If the excitation frequency w i = W then the "absorption

part" of Eq.(113) is 11 + B(wi) 12/r(wi). If i is chosen so that B(wi)

has a resonance (see Eq.001)r( i ) will also resonate (through its dipole

1 term n = I in Eq. 100). This will diminish the enhancement brought about by

IB(wi) 12. Furthermore, if we make the incident frequency resonate with

1 the ellipsoid the emission frequency night be off-resonance. Hence,

1(l + B(w s) a/r(ws) is small. Therefore, the intuitive feeling that the

1fluorescence from a molecule located at the surface of an ellipsoid is
1quenched is justified qualitatively by Eq. (113).

-/5/ -

1



* .p WF U iiw .-. . ~ .. .

I

I The situation changes as H is increased since r decays with H faster

than B does. Therefore the exponent is diminished and the pre-exponential gr ws.

l Under these conditions enhanced fluorescence can be observed. Equation (113)

indicate that the enhancement may come from two sources: absorption or

emission; in other words either w i or w s could be on resonance with the

I ellilsoid, with the enhancement of IB(wi) 1 2 or IB(a)12, respectively.

Since the resonance frequency of the ellipsoid varies with the aspect

I ratio, we can change the shape and "tune" the resonance with wi or w 5 .

Two intensity maxima can thus be achieved when either absorption or

emission are enhanced.

The excitation spectrum of fluorescence (i.e. the fluorescence

intensity as a function of the incident frequency) follows the absorption

spectrum of the molecule (as modified by the presence of the ellipsoid)

if w s is independent on W i (which is often true).

It is interesting to compare the pre-exponential appearing in

Eq.(1l3) to the enhancement factor in SERS, which is

1(1 + B( i - v ) ) 121[(1 + B(w0) i 2. The pre-exponential differs from this

1 expression in two respects. The frequency difference w- ws could be

larger than w v . Therefore, while in a Raman experiment both w i and

I i" Wv could be in resonance with the ellipsoid, this might not be the

case if 1w -w I is large. Furthermore, in fluorescence the pre-exponential is

divided by f(ws) )Oiw) and this diminishes the fluorescence enhancement as

Icompared to the Raman enhancement factor. It also affects the distance depen-

dence since the pre-exponential is low at small H, reaches a maximum at moder-

1ate H and then it goes down. For these reasons the enhancement of fluorescence

though related to that of SERS, is smaller and has a different distance dependence.

1 Note that the discussion of fluorescence can be applied to develop a simpli-

1fied theory of Resonance Raman scattering, with very minor and obvious modification.



§ 124. thae experimental work on fluorescence [164-169] has been carried out

: by using islands formed[170-171 ]when metal vapors are condensed on a glass

1 substrate. The size of the islands depends on the amount of metal de-

pos" ted or, equivalently, on the film thickness defined as the volule1"
deposited per unit area. By varying the thickness from zero to 80 A one

obtains particles ranging from 40 A to 1000 1. For a given thickness

1 the particle sizes vary by a factor of 2 from the mean value. When. the

1 film thickness is about 80 A the particles begin to touch each other and

continuous film is formed.

Class, Liao, Bergman and Olson[l1 6 6 ]. have prepared a metal wedge

on top of a glass slide, of thickness varying from zero to about 200 A.

j They spun Rhodamine B or nile blue on the wedge and measured the absorption

and the fluorescence spectrum of the dye-metal system, at different places

(i.e. different sizes metal islands) on the wedge. Rhodamine on glass

absorbs at -580nm while theAg islands have broad absorption bands with

peak frequencies between -4 6 0nm (smaller islands) and -600nm (larger

- islands). The absorption band of the combined island-dye system differs

from a superposition of the bands of the isolated components. The islands

influence the dye absorption by increasing the effective oscillator strength

1 f (through the reflected field) (Eq. 111)). The general form of the curves

is similar to the one computed by Nitzan and Brus [ 157- I S 3I for a molecule

near a sphere.

The fluorescence intensity has a peak as a function of film thickness

.1 and it is completely quenched when a continuous film is formed. The two

dyes used have well separated maximum excitation and emission frequencies.

For Rhodamine.B, the excitation takes place at 514.5 nm and the emission

1 maximum is at 600 nm. For nile blue the excitation is at 632.8 nm and the

emission is at 700 nm. Roughly, the data indicates that the maximum in

Ifluorescence intensity is reached when the particle sizes are such thatI'-/53 -



the excitation frequency overlaps with the resonance frequency of the par-

Iticles. Thus, the enhancement of the intensity occurs through enhanced

absorption, that is, through the factor in Eq. (113). The emission

wavelength is too large to resonate with the particles.

A study of the fluorescence excitation spectrum shows that it does

not replicate the absorption spectrum of the dye-island assembly. This is

Iexpected since in fluorescence spectroscopy we do not detect the energy

I absorbed into the particle but only that going into the molecule. The ab-

sorption spectrum does not distinguish between the two. A comparison

I of the excitation spectrum of Rhodamine B on glass and on islands shows

that the latter is substantially broadened, as expected from the theory (§123).

1 If a layer of polymethyl metacrylate (PMMA) is spun on the islands

and the dye is placed on top of it, the intensity of fluorescence is

diminished but the dependence of the fluorescence intensity on island

size is not altered. It is believed that the P101A film has a thickness
C

of 30 A and therefore the experiment indicates that the long range effect

predicted by the electromagnetic theory is present.

§125. The relaxation experiments of Weitz, Garoff. Hanson, Gramilla

and Gersten1 6 91 complement the study -f Glass et.al. [1 6 6 They[1 6 91 worked with

islands having a circular cross section and a diameter of approximately
0

200 A. The dye used was Europium III thenoyltrifluoroacetonate (ETA)

which is excited at 390 nm and emits at 613 nm. When ETA is deposited

on silica, its fluorescence decays exponentially with a lifetime of

280 psec and a quantum yield of 0.4.

When the dye is spun on the silica-island system, the life-time is

not exponential. Preparing the islands on an oxydized Aluminum surface

eliminates the long time part of the fluorescence. This happens because

the fluorescence on the flat Al surface is quenched very effectively,

while on the flat silica surface it is not. Therefore the long time
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I
emission must come from ETA located on the flat silica surface between the

islands. These molecules interact with the islands, but their distance to

the island is variable and fairly large compared to. the malec-ales located

on the island. The theory shows (§123) that the life-time &epmds on the

molecule-island distance and goes up with it. This is in agreement with

the observations that the molecules located on silica have loner life-

times and with the fact that the decay is not exponential.

To decice whether the increased fluorescence signal is caused by

enhanced absorption or emission Weitz et. al.[16 9] have looked for SER

spectrum of ETA. They could not detect the SER intensity and

this indicates that the reflected field, at the excitation frequency, is

small. Furthermore, a semi-quantitative analysis is consistent

with the assumption that the molecular emission is enhanced by the

polarization of the ellipsoids.



!
III.4. The Electrodynamic interaction b.tween partcles and its possible role in SES.

§126. All the calculations presented so far have considered isolated particles

surrounded by an optically "indifferent" medium containing the 2a*lecules of

interest. In many experimental situations it is not however possible to create the

desired particle isolation. The local field energy is proportiona to E_• - and since E is

the sum of the electri- fields E and E produced by the polarization of the
1 2

particle 1 and 2, the Hamiltonian contains the terms E i + E E1 2 V E1 trough

which the two particles interact electromagnetically. Since both E and E
1 2

extend at hundreds of A into the vacuum the interaction Hamiltondan is sizable

0
even if the surfaces of the two particles are hundreds of A apart.

This interaction can have a variety of effects. (a) If the two particles

are identical their electromagnetic resonances are degenerate. The interaction

between them shifts their frequencies creating two or more resonances, changing

thus the excitation spectrum of the system. The new resonance frequencies

depend on the interparticle distance. This happens, for example, when colloidal

solutions are too concentrated or when they start to aggregate. (b) From the

existing calculations[3 1 , 106, l07r# 122] it appears that the primary field between two

interacting particles is enhanced well above the sum of the fields generated by the non-

interact-ng objects. This effect is caused by the mutual polarization between

the particles. As a result, the resonances of the interacting objects have most

of the electromagnetic energy (hence the electric field intensity) packed in the

space between them. This is apparently the reason why the SERS signal in

aggregated colloids is higher than that in solutions with isolated particles.

(c) The above features are likely to be present whenever two particles

interact electromagnetically. What happens if a large number of such

particles are crowded together is not yet clear. The electric field

enhancement produced by the localized electromagnetic resonances sustained

-/'-
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by small particles can be qualitatively viewed as the result of packing the ab-

sc;rbed photon energy in a small space around the particle. If two resonances have

the same oscillator strength, the more localized one should produce a higher

4 electric field in the localization region. If such resonating objects are crowded

together the resonance might be delocalized and this may result in a reduction of

the local field intensity. One extreme example of such an occurrence is provided

by the case of a surface having isolated parallelpipeds on a flat surface. Their

electromagnetic resonances can be excited optically to produce large electric

field enhancements. If we increase the number of parallelpipeds on the surface and

pack them so tightly that their tops form a flat surface, their resonances combine to

form the surface plasmon of the flat surface. This can no longer be excited

optically and a very minimal field enhancement is possible. Even if we excite

the surface plasmon byATR the corresponding field enhancement is low compared

to that generated by isolated parallelpipeds. In the same spirit, by crowding

hemisphere on a flat surface we can make a crossed grating. The enhancement of

the field is then possible only at a well defined angle and it is smaller than

in the case of the isolated hemispheres.

These extreme examples of the effect of overcrowding should induce us to

use isolated particle models with extreme caution if the required isolation is

not experimentally realized. The problem of delocalization by overcrowding has

not yet been addressed in the context of surface enhanced spectroscopy. A

preliminary study by Laor and Schatz[172 ] indicates that the local field is

lowered by the delocalization caused by resonance interactions. A large body of

work exists 1 7 3 ] concerning the dielectric properties of composite materials,

which can be adapted to study the same problem for SES. The analogy to Anderson

localization [ 1741 should make this problem appealing to theorists.

-15,7-



111.4.1. Two interacting spheres.

§121. The simplest system on which we can study the effect of the electro-

magnetic interaction between two particles on SES consists of two small spheres of

equal radius. The smallness of the spheres allows us to obtain the fields by solv-

ing Laplace's equation. The geometry permits the separation of variables if

bispherical coordinates[ Iare used; this simplifies the problem enormously.

Aravind, Nitzan and Metiu [  'have obtained numerically the properties of the

quantity defined in § 71, Eq. (53).This is the ratio of the "local laser

intensity" versus the intensity of the incident beam. We chose this quantity

since it is a scalar which gives a feeling for the primary field enhancement.

It depends on the point of "observation," the geometric parameter X=(2Ro+D)-I R

(see Fig. 25), the direction of the electric vector of the incident field, and the

dielectric constants of the spheres and of the material surrounding them.

(a) In order to display the excitation spectrum we plot I as a function of the

incident frequency (Fig.26 ) for various values of the geometrical parameter

X. The plotted values of I are computed at the "observation point" indicated in

Fig. 25. The curve X=0 represents the case of an isolated sphere. It is clear

that the presence of the second sphere causes the appearance of a second

resonance, at a frequency below the single sphere resonance. The value of the

resonance frequency is independent of the observation point. The relative peak

intensities are very sensitive to the value of X, the angle of incidence and

the position of the observation point.

The magnitude of I in the region between the spheres is illustrated by

Fig. Z7. Here we plot log1 0 I as a function of the position on the line

between the spheres as given by d/D. Fig. 27 (a) corresponds to the higher

resonance frequency (w=3.48eV) and Fig. 27 (b) for the lower one (w=3.2leV).

The value of I between spheres is at least an order of magnitude



larger than for the single sphere. Trhe enhancement is larger at the frequency

of the "new" resonance, created by the interaction between the spheres. The

relevance of these findings to the experiments in colloidal systems has been

discussed at 9 88.. Using the reciprocity theorem[22we Infer that the SERS

enhancement for molecules located between spheres at 4d= 3.2 eV is 4x1 6 = (ZX I G 3 2

while for a single sphere is 400. However, one should keep in mind that these

numbers are valid for molecules located between the spheres where the

amplifying ability is largest.

§128. It is interesting to note that these calculations have a bearing

on the study of the effect of interparticle interaction on the Brownian

motion in quasi-dilute colloidal solution. This is an interesting problem in

its own right. The interest in the problem is further enhanced by the fact

that if we could control coagulation such systems could provide a useful

simplified model for micellar solutions. The manner in which micelle inter-

actions affect the properties of the light scattering is a matter of current

d ebate. Some insight might be gained by studying the problem on a simpler

model system such as a colloidal solution.

The electromagnetic interaction between two spheres has detectable effects

which are sensitive functions of the instantaneous distance between spheres.

The polarization of an isolated sphere is isotropic and the induced dipole has

the direction of the incident electric field. As a result, if multiple scatter-

Ing is prevented, the scattered light is not depolarized; in other words, if

we send light in with a vertically polarized electric vector and count photons

scattered at 90 0 with a horizontally polarized electric vector, we should get

no signal. The pairwise electromagnetic interaction changes this situation,

essentially because the problem has now two important directions: that of the



incident electric field and that joining the centers of the two spheres. One

sphere is polarized like an atom, while two interacting spheres are polarized

like a diatomic molecule. The pair depolarizes the light while the single sphere

does not. The depolarized light scattering in this situation is similar to

the collision induced depolarization in noble gas 
liquids.[1

6 )

Therefore, the depolarized scattering is all caused by the interacting

spheres (this of course assumes that no depolarization is caused by the solvent;

if this is not the case the solvent depolarization acts as background). Its

intensity depends on the number of interacting pairs in the scattering volume,

the distance between them and their orientation. These change in time with the

Brownian motion of the particles and as a result the intensity of the depolarized

light fluctuates. This fluctuation can in principle be measured to provide

information on the stochastic dynamics of Brownian motion.

111.4.2. The interaction between a sphere and a plane.

§129. We have already considered a sphere-flat surface system in

Section 111.2.5. There we have used a perfectly conducting sphere which cannot sustain

an electromagnetic resonance. Its role was to break the translational symmetry

parallel to the surface, modify the plasmon of the flat surface and allow its

optical excitation. In the present section we consider the case when both the

sphere and the plane can support resonances. The joint system has two resonances,

one at low frequency, originating from the resonance of theisolated sphere and

one at higher frequency, originating from the plasmon.

§130. (1) In Fig. ?8 (a) and (b) we plot I as a function of frequency,

for various ratios X = D/R (D is the sphere-plane separation and Ro is the radius

of the sphere. The dotted curve in Fig. 28 (a) corresponds to an s-polarized

source. All others are for p-polarization. The angle of incidence is 45° . The

sphere and the plane are made of silver. The point at which I is measured is



located on the rotational syi;rmetry a :is at 1A above the plane surface. The

resonance frequency does not depend on the position of the observation point.

The shape of 1(w) is roughly the same for all value:: of X, for

p-polarized light. The resonance for the isolated sphere is at 3.49eV while the

resonance frequency for the plane-sphere system is well below this value. The

presence of the flat surface pushes the resonance downwards.

The curve I (w) for a Au sphere cn a gold surface looks, at -=0.05,

somewhat different. It has one peak with no shoulder at high frequency. For a

SiC sphere and a SiC plane the I (M) curve has two pronounced peaks and a

shoulder. Therefore the shape of the I (w) curves changes from material to

material. This is mainly due to the fact that each curve consists of a number

of overlapping resonances. For some materials the width of these resonances

is small and they can be partly resolved in the excitation spectrum, producing

peaks and/or shoulders. For other materials the widths are large and a single,

broad feature is present.

(2) The magnitude of I at resonance is extremely large, as seen in

Table 2 (for X=0.05). In Table 7 we give the resonance frequencies and the

peak values of I for the Ag-Ag system at various values of X, for p-polarized

light. Note the enormous enhancement of I at small values of X. The reciprocity

theorem 21implies a Raman enhancementfactor of 2- 1010, for X-0.03, for

molecules placed between the sphere and the plane. Another interesting feature

is the fact that the resonance is not very sharp. For example, for A=0.03

F- 3
I > 2 x 10 for all frequencies between 2.3eVand 3.2eV. This assures a

Rarran enhancement factor larger than 4 x 106 in a fairly large range of

incident frequencies. It is also interesting to note that even though Au is a

rather ineffective enhancer in other configurations, it has a large enhance-

ment in the sphere-plane arrangement. For X=0.05 and p-polarized light I is



1.4 x 10 4. Finally, note that the SiC-SiC system has the Largest

enhancement.

(3) The resonance is localized between the sphere and the plane, in

the sense that I has the largest value in that region. lie find that the value

of I is practically constant along the symmetry axis of the Sytem. When

we compute the value of I in the plane of incidence, along the flat surface,

0
we find that it decays very rapidly. Crudely, at 100 A away from the rotational

symmetry axis I is five times smaller than on the axis. If we ute I along

the circle formed by the plane of incidence and the sphere w fi variations

of several orders of magnitude. We exemplify this, by quoting sme results

for the Ag-Ag system with X=0.05, p-polarized light and a bean eoming at

450 from the right. Between the sphere and the plane Iis rousbly4xO(Table2). At 900

from the normal at the "sunny" side of the sphere I is about 20. At 900 from

the normal in the "shaded" side of the sphere I is almost zero.. The other

systems studied have very similar features.

(4) The polarization of light and the direction of incidence are very

important. In all our calculations we find a useful prospensity rule: the largest

enhancement is obtained if the electric vector of the incident field oscillates

in a direction in which the electrons in the material encounter mst obstacles.

Furthermore, the enhancement is largest between these obstacles. For the sphere-

plane case the rule says that the largest enhancement is obtained if the electric

field is directed along the rotational symmetry axis of the system. In fact we

find numerically that at any given incidence in the p-polarized ease, more than

95% of the field is induced by the component of the incident field along this

symmetry axis. For gratings the rule says that an incident field perpendicular

to the grooves is most effective. Hence, normal incidence with Ei perpendicular

to the grooves is best, while s-polarized with E along the grooves is least

effective. This again is confirmed by our calculations.

==e



§130. The overall coi-clusion provided by these examples is that

the intcraction between resonances affects strongly all aspects of the primary

field enhancement and of the enhanced emission. The excitation spectrum, the

magnitude of the enhancement, the spatial distribution of the field, the de-

pendence on polarization, angle of incidence and angle of detection, are all

changed. Of course this suggests that there are difficulties when using isolated

particle theories to interpret the data on samples with crowded particles.

The interaction between resonances has a number of good features which

could be exploited if such systems can be prepared under controlled conditions.

The frequency range in which one can obtain a large enhancement is extended

by the fact that we can combine pairs of different materials and have different

interparticle distances. The enhancement is also larger. Furthermore, it

becomes possible to do surface enhanced scattering with materials that are

poor enhancers. For example one could trap in a matrix made of molecules A

a mixture of Ag spheres and spheres made of another metal M. The inter-

action between the Ag spheres and the spheres made of M permits us to obtain

enhanced spectra of the molecules A adsorbed on M. One can also deposit a

matrix of A containing Ag spheres on a flat surface of M. Or even better

preadsorb A on a flat surface of M and then trap Ag spheres in a noble gas

matrix frozen on the A-M surface.



11. 5. Coarse surfaces.

I §131. We use the name coarse surface or coarse roughness in those

J cases when large size (500- ZOO0 ) boulders protrude from or lie on a flat

surface. A coarse surface differs from a system of "islands" since the

1 boulders and the flat surface are made of the same materials, while the

islands are placed on glass or other similar substrate. It differs from small

F random roughness because the boulders are fairly isolated and their height is

[ large. It is to some extent similar to a collection of spheres or irregular

particles deposited on a flat surface. Clearly the concept of coarse surface

I is not sharply defined, but we find it useful.

Such surfaces can be prepared electrochemically by anodization, or

I photochernicall[331by the decomposition of a AgI film located on top of a Ag surface

(or by exposure of a Ag surface to laser radiation and 12 vapors). Condensa-

tion of Ag vapors, at room temperature, on an ion-milled silicon substrate

achieves the same resultJ34]

The theory of SES on realistic coarse surfaces has not yet been developed,

but few model calculations aimed at predicting the qualitative behaviour of such

systems are available.[31, 106, 107# 115, 157]

§132. Gersten and Nitzan[llS have computed the properties of a prolate

half-ellipsoid imbedded in a perfectly conducting semi-infinite, flat material.

In their calculation the molecule is located on a line containing the semi-major

axis of the half-ellipsoid. The electric field of the incident radiation is parallel

to the same line.

The electromagnetic properties of this system resemble closely those of an

isolated ellipsoid. ( 114-116), for the reasons outlined below. The presence of the

perfectly conducting flat surface requires the use of an eigenfunction expansion giving

a null potential on the surface. This is guaranteed if we use the expression for the

- I q-



potential of :.n isolated ellipsoid (Eqs. (95) and (96), §114) but keep only the terms

corresponding to odd values of n. The presence of the perfectly concucting surface has

an additional effect: we must consider both the molecular dipole and its image

with respect to the perfectly conducting plane. The calculations are substan-

tially simplified by the fact that in SERS we only need the term n=1 in the

potential expansion, since we are only interested in the dipole of the system.

For this reason the half-ellipsoid calculation gives the same result as that for

isolated ellipsoid driven by the molecular dipole and its image with respect to

the mid-plane. This happens because the two systems differ mathematically

only through the terms n=2, 4, etc., which are negligible in SERS calculations.

We can use,therefore, the isolated ellipsoid results of §114-116 for

the present case, if we replace the dipole p by 2M.

9133. Aravind and MetiuL3 1,106 ,10 7] have modeled coarse surfaces by using a

sphere placed near a semi-infinite plane. This has its own obvious limitations

as far as realism is concerned. It does however complement the existing work

since it does not assume a perfectly conducting plane surface. Such an assump-

tion might alter the way the existence of the flat surface affects the properties

of the sphere. The results obtained with this model are reviewed at 111.4.2.

134. Since both models have been reviewed elsewhere in this article we sum-

marize here the qualitative conclusions supported by both calculations which are,

therefore, likely to also characterize a real coarse surface. (1) The enhancement

has two sources: the surface curvature and the electromagnetic resonances

localized around the '"boulder." Since the curvature also affects the properties

of the resonance the two effects cannot be strictly separated. However, it is

clear that at off resonance frequency an increase in curvature (e.g., an increase

in the aspect ratio of the half ellipsoid) increases the enhancement. (2) Different
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proturberances have different resonance energies. Wnhen we choose an incident

frequency w . we enhance the field around a few protuberances whose r- sonance1

frequency equals wi . If we change w we change the protuberances that are

4 resonantly excited. If W. exceeds a certain limit no resonant enhancement is
1

possible. As a result of all these the excitation spectrum is broad, unstructured,

and has a cut-off at high frequency. The Raman excitation spectrum of the

molecules lying on such a surface follows the excitation spectrum of the surface

and it must be the same for all molecules, in the frequency range in which normal

Raman scattering takes place. (3) Both calculations [10 6 , 1 0 7, 115) indicate that the

electromagnetic enhancement has a long spatial range, which is shortened as the

size of the "boulders" gets smaller. One iYight be concerned that the Gersten-

Nitzan[1 1 3 1 calculation exaggerates this trend since the presence of the perfectly

conducting half space might "push the resonance" and localize it towards the tip

of the ellipsoid, forcing the field to extend further in the vacuum than it would in

the realistic case when the half space has the same dielectric constant as the

boulder. The Aravind-Metiu calculation[I 0 6 ' 1071 does not have this difficulty

and indeed the presence of the dielectric plane moves the sphere resonance towards

it; however, this does not cause a significant decrease of the spatial range of the

resonance. This can be seenin Table 8 where we plotted the intensity I= E -E /E E 0

as a function of distance from an isolated sphere and from the sphere-plane system.

(4) The calculations of Aravind and MetiuL1 0 6 , 107) indicate that the enhancement is much

larger for molecules located between the plane and the sphere. The two sphere

calculation of Aravind, Nitzan and Metiu t 122] shows that the same is true for the

space between two spheres. This suggests that on real coarse surfaces it is likely

that the signals from molecules adsorbed in the cracks between boulders, or trapped

on the flat surface under boulders, will give higher Raman signals. This might

U cause some confusion when the data is interpreted since one expects that the first

I 100



I
molecules to be adsorbed might go into these positions and their spectroscopic

I signals are larger than those of the molecules deposited subsequently. This might

lead one to believe that there is some "chemical" mechanism increasing the enhance-

ment for molecules located in thc "first monolayer" or on some postulated

I "active sites."

§ 135 Since in what follows, we concentrate on UHV experiments and thus

ignore a large body of electrochemical work, it is necessary to make few historical

remarks to restore balance and a proper perspective. The SERS effect was dis-

covered[177-1793 by electroch'emists who managed to do almost all the early, ground

I breaking work. They established that Ag, Cu and Au are good enhancers, that the

phenomenon is displayed by a very large number of molecules, that the excitation

I spectrum and the depolarization ratio are unusual and that roughness plays an

important role. In .act the electrochemical data motivated Moskovits[ 1 5 7 ] to propose

the first theory of SERS in which the electromagnetic resonances of the rough

surface played a crucial role. Finally, it is likely that the most exciting applications

of SES might come in electrochemistry for lack of competing probes (EELS and IR

j reflectance are not possible in a liquid environment) and because electro-

chemists are not as reticent in using polycrystalline or rough surfaces as their

1 colleagues in surface science.

The early electrochemical work has caused some confusion regarding the

role of roughness. The required anodization was very mild and there was the

possibility that following it the surface was still flat.[281 No electron microscopy

was done and the optical probes used to find whether the surface was flat might be

1 inconclusive. The availability of in situ methods for surface characterization

(AES, work functions, UPS, XPS, etc.), clearly give the UHV systems an edge

in carrying out experiments designed to test rrechanistic assumptions. The

1 recent development of laboratories which can do both (e.g., Van Duyne's at

Northwestern) types of work will certainly return electrochemistry to prominence

1 among people interested in the mechanism of SES.
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§ 136. Having now paid a necessary tribute to electrochemistry we can

I proceed to ignore it in this section and concentrate oa t:he URIV experiments,

without excessive feelings of guilt. A paper by Rowe, Shank, Zw emer and
'33]

Murray i opened the current controversy concerning the properties of SERS

on coarse surfaces. (a) They found that the enhancement of the Raman intensity

for Py onAg (111), Ag(1l0), stepped Ag (100) or selectively etched Ag (100) with

2-5 jim facets, must be less than 102 (which is the detection limit of their

instrument). Scanning electron microscopy shows that these surfaces have

I shallow ripples of about 150 A height. (b) A coarse surface was then produced, 1 34]

by exposing a clean Ag (100) face, in UHV, to I2 vapor and 4880 A laser radiation.

I The surface roughness, determined by SEM, consists of particles of spherical shape,

of "-500 A radius, separated by an average distance of 1500-3000 A. Pyridine was

deposited on this surface and the coverage was monitored by AES. The first

molecular layer had two Raman modes w v=1003 cm' and w v = 1032. The second

and succeeding layers had a smaller sticking coefficient (a change from --0. 65

to 0.35) and vibrational frequencies of w,= 991 cm and 1032 cm . This

corresponds to the formation of solid pyridine. [ 3 3 ]

If this assignment is accepted the intensity of the 991 cm mode gives the

1 enhancement (if any) of the signal from second, third, etc., molecular layers.

The data of Rowe et. al.[ 3 3 ] would then indicate that the enhancement extends as far

I as 50-100 A from the surface. This discovery came at a time when it was widely

believed that only the Raman signals coming from the adsorbed layer were

1 enhanced.[Z8h1 8 0] Since only an electromagnetic mechanism can explain the long

range enhancement, the paper [ 3 3 ] caused a large number of people to consider seriously

developing the idea that the roughness plays a role through its electromagnetic

properties. O
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§ 137 The above conclusions were challenged by subsequent work.

Van Duyne: have observed large (10 ) enhancemeats an flat surfaces

in an elect rochernical environment without anodization. Their work is discussed

at § 31 and as explained there, its conclusion is weakened by-the fact that

the resolution of the SEM photographs is less than 250 A. It is however

strengthened by the fact that the method of preparation of their 'f1at," single

crystal surface is the same as that used by the Bell groupE33]to produce surfaces

with an enhancement factor of less than one hundred. The work of Hemminger,

Ushioda et.al.[32) (See §32) is in general agreement with the conclusion[33) that

the enhancement on flat surfaces is about two orders of magnitude. One should

keep in mind that absolute intensity calibration is difficult and that in many cases

the numbers must be considered as order of magnitude estimates.

9138 The observation that the enhancement is long ranged came also

soon under fireP81, I9j Eesleyhl813 repeated the experiments of Rowe et.

but used a polished polycrystalline Ag surface sputtered with Ar+ in the UHV chamber.

SEM photographs show that the surface consists of plateaus of 1000-3000

diameter separated by 1-3 .m. The area between plateaus is a flat surface covered

with either -200 A diameter Ag balls separated by 200-400 A(between centers) or with

-400 A balls with a separation of 1000-5000 A. This is similar to the coarse surface

used at Bell. [ 3 3 ] Eesley assumes that the Auger electron spectroscopy used by

Rowe et. al. [ 33] to monitor the coverage is too destructive a probe for a system as

weakly bound as pyridine. He prefers to use work function and, in later work il8lb]

UPS and XPS. He observes essentially the same frequencies as Rowe et.al. [ 3 3 ]

-1 -1

The 1032 cm lines appear at the lowest dosages while the 990 cm appears only

at higher dosages. Eesley's interpretation is that all these Raman lines are due to
-1 -1

molecules located in the first monolayer and that the 1002 cm and 990 cm lines

correspond to the same mode but for molecules adsorbed at two different sites. The
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interpretation is based on the fact that his Ran.an signal saturates as the work

function does, therefore there is only a very weak signal from Py molecules

located on top of the first Py layer. The UPS and XPS data [ 1 1 b] seems to con-

firm this. Rowe et. al. [ 3 4 ) observe that the 1002 cm - 1 line saturates when the
1 -1

AES signal indicates the completion of a monolayer and the 991 cm- appears

as the second, third, etc., layer is formed and it does not saturate until many
1 -1

layers are completed. The 1032 cm line is present in both experiments from

the beginning but its intensity saturates when the work function does (hence

I when one monolayer is completed) in one experiment[18 1b] and continues to grow

in the other. [ 3 3 - Unfortunately the surface structures of the two studies are

fairly different and this might cause problems in comparing the two experiments.

1 Ideally, all these measurements (i.e., AES, UPS, XPS and Raman) should be

don- on the same sample.

9139. It is difficult to believe that one can blame the discrepancy between

the two experiments on the use of AES for coverage measurements j33] The

measurements of Murray, Allara and RhinewinJl83 1 give support to the interpre-

tation of Rowe et. al. 134] Using a tunneling junction geometry[ 6 0] they 183] put

polymeric spacers between the molecules and the rough Ag layer. ASE micro-

graph indicate that the coarse Ag surface is similar to that of Rowe et. al.b3]

and the boulders are of comparable size. Care was taken to make sure that there

are no holes in the polymer films that would permit the molecules to reach the Ag

surface and that the measurements were finished before the molecules could diffuse

through the film to the Ag surface. The conclusion is that the Raman enhance-

ment is long ranged. A possible reconciliation between these opposite conclusions

was suggested by Wood et. al. [ 3 4 ] who studied SERS on two surfaces prepared
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in the same UHV system. The su tace one is prepared either by exposure nf

the Ag surface to 1. and laser radiation or by Ag deposition on a ion-milled Si

surface. The boulders have dimensions of 100-I000OA and annealing at room

temperature does not change the enhancing properties. Surface two is

prepared 184-185'] by deposition of Ag vapors on a polished Cu substrate held

at 100 0 K. This surface loses its enhancing properties at room temperature and

for this reason SEM cannot be used to establish the magnitude of the boulc-ers.

However, the fact that the enhancement properties disappear at room temperature

is consideredt 34] to indicate that the boulders are mobile, hence small, and

coalesce at room temperature to form a flat surface.

The Raman enhancement is higher on surface two and has a very short

range (-I monolayer); on surface one the enhancement is long ranged. The coverage

is determined in both cases, by AES. These results are consistent with the

electromagnetic theory which predicts that small boulders have larger enhance-

ments and much shorter range. It appears that the discrepancy between Eeasley's

results and those obtained at Bell laboratories might be caused by a difference

in th, size of roughness and that all the results are in qualitative agreement

with the electromagnetic theory.

§ 140, Since the situation is still rather confusing it is useful to consider

other possible surface roughness probes which can supplement the information

obtained through SEM and SERS. One possibility 1 8 6 ' 'is to use electron beams

to excite the electromagnetic resonances of the rough surface and monitor their

emission and the electron energy loss. The emission intensity must correlate

with the intensity of the enhanced Raman spectrum of molecules deposited on

the same surface.
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The electron can excite the electromagnetic resonances of any surface,

including a flat one. The classical theory is easy to construct.[7, 50] It consists

of inserting the current densityJ (r, t) = ev 6 r - vt) (here v is the velocity of the

electron) into Maxwell's equations and solving to compute the electromagnetic

polarization fields, in the presence of the surface (e.g., a sphere, an ellipsoid, a

grating, small roughness, or flat). One can then compute the energy lost by the

electron while interacting with the polarization field. This peaks at frequencies

corresponding to the electromagnetic resonance. Since there are no "selection

rules" the electron can excite even the surface plasmion of the flat surface and the

presence of the excitation can be detected by measuring electron energy loss. [S 0]

In all cases in which the resonance can radiate the excitation is accompanied by

photon emission.

Obviously the characteristics of both resonance excitation and photon emission

depend critically on the shape of the surface. Some predictions can, however, be

made without detailed calculations. For flat surfaces the surface plasmonis

excited but it cannot emit. For surfaces with small roughness both excitation

and emission are possible. Assuming that the perturbation theory described at

§64-66 holds, the electron induced emission intensity Ie( 6 is proportional

to the square of the roughness height 6 and the amount of energy transferred from

the electrons to the plasmon. The latter is, in first order, independent on the

roughness height, therefore the emission intensity I e(6) is quadratic in 6.

If we deposit molecules on such a surface and perform Raman scattering

both the emissiont34] and the excitation 2ZJprocess are proportional to 62. The

Raman intensity IR(6 ) is therefore proportional to 64. Since 6 can be varied

experimentally (e.g., by using CaF 2 films and varying their thickness or by

increasing the duration of the anodization-reduction cycle) we can monitor

whether the ratio IR( 6 / Ie (6) is linear in 6 . One should keep in mind that as 6

is increased, IR(6) varies like 6 4(a + 62) - 2 while Ie(6)'6 2(a2 +6 2) 2 . The addi-

tional factor (a 2 + 62)- I is due to the interaction of the plasmon with the roughness. [ 6 7 )



I
The straight line dependence mentioned above is expected only[ 671 when

6 <<a. Also, as 6 becomes comparable to wavelength the perturbation theory

breaks down and the dependence on 6 is unknown.

For gratings [ 7 ' 5 8 ] the situation is more interesting, since both the

resonance emission and the excitation process take place only at wel defined

detection and incidence angles, respectively. If both angles are on resonance

IR (6)--64 and if both are off resonance IR(6) it is independent on 6. The same

argument applies to Ie(6 ).

For other geometries (e.g., spheres, sphere-plane system, ellipsoids,

large coarse roughness) the dependence on the "roughness size" depends on the

type of roughness. In the case of Rayleigh spheres the excitation probability is

known[188-]and depends on the radius in a complicated manner.

A further qualitative prediction of the electromagnetic theory is that the

angular distribution of electron induced surface fluorescence must be similar to

that of the Rarnan intensity, at the same frequencies. The reason for this is

that the enhanced emission of Raman photons is mostly performed by electro-

magnetic resonance driven by the Raman dipole.

§ 141 Recently Eesley[1 87 ] carried out such experiments. He worked with

an anodized Ag surface. The electron induced emission intensity is corrected for

background transition radiation and/or roughness aided bulk plasmon radiation,

so that only the surface plasmon emission is retained. Only this is related to the

Raman intensity. The analysis of the data, based on perturbation theory,[189 ]

yields a roughness correlation length of 346 A. Since no SEM measurements

were made the type of roughness is not known. The analysis is based on small

roughness equations and suggests surface "features" of -300 A magnitude. Then

molecules were deposited on the surface and their Raman spectrum was taken.

The roughness of the surface was varied by increasing the duration of the oxydation-

reduction cycle. Plotting Int IR(6)/Ie(6) for different degrees of anodization Eesley

obtained a straight line with a slope equal to 2. Hence the ratio IR( 6 )/Ie( 6) is
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proportional to 62, as predicted by the electromag- tic theory. Note however

that the value of the exponent is sensitive to the intensity corrections made to

obtain the surface plasmon emission. While there are uncertainties in the

interpretation of such measurements, they can provide worthwhile information.

if performed in situ to accompany the enhanced Raman experiments.

§ 142. Another qualitative way of testing the electromagnetic theory is

to compare either the excitation spectra of the Raman lines of two co-adsorbed

molecules or the excitation spectra of different lines of the same molecule.

The enhancement factor is proportional to IGs(W-W s)1 2  a- 2 1 R(()1 2 . If

there are no "molecular" effects which can make 1Ia/)Q)6Q 12 frequency

dependent, the excitation spectrum depends only on electrodynamic effects

through G s and R. Assume now that we have two molecules on the same surface,

and that for both I a /6Q) 6Q 2 is frequency independent. The excitation spectra

of the Raman signals for the two molecules must therefore have almost the same

shape; the only difference comes from the fact that the vibrational frequency Wv

is slightly different for the two molecules. In most cases this difference is too

small to matter.

This test cannot be used to rule out molecular effects, but only to demon-

strate that chemisorption does not make the polarizability of the molecule fre-

quency dependent, in a frequency range in which the polarizability of the same

molecule in liquid or gas phase is known to be frequency independent. The test

may give confusing results if the two molecules have a tendency to segregate on

the surface and stick to places having different electromagnetic properties.

§143. Such a test has been conducted by Blatchford, Campbell and

Creighton.[1903 They coadsorbed deuterated pyridine and triphenylphosphine on an

anodized Ag surface. This was done by immersing a Ag electrode in a deoxygenated
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aqueous solution containing 0.1 M KCl, 0.01 M Py-5D and 2. 10 - 5 
B61

triphenylphosphine. The anodization was carried out by varyihg the potential

from -100 mV to 200 mV in 30 seconds and then going back to -100 mV. The

total charge passes was 300 mC/cu . Then the voltage was held at -950 mV

and the Raman spectrum was taken. The excitation spectra are consistent

with those of earlier work. [ I ' 2, 191, 192] It is clear that the shape of the

excitation spectra are very similar and that, as expected, they can be shifted

by changing the anodization conditions (i.e. surface roughness).

144. In closing this section we mention that we have left out a number

of very interesting papers, especially those of Seki et. al.(193] and Pockrand,

Otto et. al.[194] This was done due to lack of space, and to our policy of

not reviewing the experiments exhaustively but to the minimum extent required

by the theoretical discussion.
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IV. Is phenomenolog'ic-al elect rodynamics valid near the surface?

IV. 1 introductory remarks.

9 145. The electromagnetic theory of surface enhanced spectroscopy is

based on phenomenological electrodynamidcs. This is a model which con-

tains certain assumptions whose validity must be re-examined when we are

interested in computing electric fields near the surface (e.g., 5-10k of

each side of the interface) or when the field source (e.g., oscillating dipole)

is located in the interface region. The model assumes that (a) the dielectric

constant of the solid is constant all the way up to the interface, where it

changes discontinuously to take its vacuum value. This assumption implies

(through Gauss theorem["1]) that the electric fields at the two sides of the

interface must satisfy certain boundary conditions. If we define the inter-

face as the surface region in which the electron density is different from

both that of the vacuum and that of the bulk solid, then the thickniess of the

interface region is of roughly 101 and the major variation of the charge den-

sity occurs over roughly 3 or 4 1. If we are concerned with fields or sources

at points 20-30 1 away from the interface we should not expect that we will

perceive a substantial difference between the sharp interface model and the

real situation. If we get closer the situation may change dramatically and

we might have to consider a continuous interface model and abandon the

boundary conditions.

(b) A second assumption is that the value of the dielectric constant is

independent of the type of electromagnetic probe used to measure it. In a

sense, to be explained below, this is not true. In the phenomenological model

it is postulated that the displacement vector is related to the electric field

through the relationship

D (r, t0 = dtC (t -t' f r. t') (IV.I1)



The important point is that the displacement at r depends only on the

field value at r • For this reason Eq. (1) is sometimes callecd the "local

approximation." Fourier transforming Eq. (1) yields

D (k )~ (w) . (kc; &w). (IV. 2)

The local approximation is equivalent to the statement that the solid responds

to all planar waves in the same way as long as they have the same frequency.

That is, c (w) does not depend on the wave vector. When this is true it is

said that the medium does not have spatial dispersion. The words local approxi-

mation and lack of spatial dispersion are each other's Fourier transforms.

9146. The microscopic theory[l] indicatestthat Eq. (l)is at best an

approximation to real situation given by

-r, =dtJdr (r'-r; t-t) E (r, t ) (IV. 3)

or equivalently

D (k, = (k,W) E (, (V.4)

Thus we would expect the response to be non-local, or equivalently, to

have spatial dispersion. If we measure the dielectric response with light.

the wave vector is so small compared to the increments of k that would:

cause a change in C (k, W), that we are practically measuring c (k 0, w).

The phenomenological theory uses this measured k=0 value for all k-s. The

question is if and when this might cause errors.

To keep things simple in this qualitative discussion we do not distinguish

here between longitudinal and transverse response, nor do we take into
account the symmetry breaking role of the surface. The calculations,
mentioned later, do take these effects into account.
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§147. Before proceeding to discuss the impact of non-locality on

surface electrodynamics we give soire simple examples in which non-

locality is crucially important and leads to qualitative physical effects

that cannot be explained if the medium is assumed to be local. One

example is the scattering of fast electrons passing through a solid film.

The probability per unit time that the electron loses the energy -h W and

changes its momentum from-+kik to is[ Ib ]

-2
P q re q Im 0(C 'IN (IV. 5)

Here-n -= (I- i4 ) is the momentum transferred to the sample. If

E(q; &j) is independent of the wave vector, as assumed by the phenomeno-

-2logical theory, the probability of momentum change is proportional to q-

If all materials were non-local the elastically scattered electrons will have

exactly the same angular distribution for all of them. This does not happen

and the experiments force us to accept the fact that C does depend on k.

Another example that illuminates the role of spatial dispersion is the

screening of the Coulomb potential in a polarizable medium. Consider a

charge e in such a medium, located at r = 0. Poisson equation gives

V. D(r,t) = 4lvr 6(r), where e 6 (r) is the "free charge" density corres-

ponding to the single change. Using E(r) = -V (r) and Ea. (3) in- the Poisson

equation, and then Fourier transforming gives

k2 (k) = 4/re. (IV.6)

If the medium does not have spatial dispersion, C (k) = Co and the Fourier

transform of Eq. (6) is O(r) C- R , which is the Coulomb potential. Assum-

ing now a medium with spatial dispersion and the specific form of the dielectric



2 2
constant C (k = C0 (l17k /k ) (Thomas-Fermi) we find that the Fourier

transform of Eq. (6) gives

If k r << 1 (a distance close to the charge) the potential is e/(c o 1 ), which

is the same as in the case of a local medium. If k s I I is large, the potential

in the non-local medium goes to zero rapidly, while in the local medium it

goes like 17 1-1. This long distance screening is exclusively caused by the

non-locality. The fact that the potential is screened only at distances

J7 I>k -l (ks1 is of order 0. 5 ) is caused by the use of the Thomas-Fermi

expression for c (k), which is valid for small k only. The high k part of

c(k), where present, screens the potential at smaller distances.

§148. We can now begin to understand why spatial dispersion might be

important in surface spectroscopy.[ 1 96 , 1 97 ] Consider a dipole oscillating near the

surface. The electric field generated by it, and acting on the interface,

varies in space much faster than the field of light. In other words, if we

represent the Aipole field Edi as a superposition of planar waves

dip (r J (-) dip

then the superposition must contain fields Edip (V, &w) with high i. Other-

wise E (r, w) could not vary rapidly with r. Now, as we have exemplified

in@ 147,the non-local solid responds to each pla' ar wave of given k with the

di electric constant C((; w) corresponding to that value of k. The

phenomenological theory uses the same value, namely C (k - 0; w), for all

values of k. This, of course, may cause errors. The errors are not

expected to be substantial when the dipole is far from the surface and the

field acting on the surface is smoothq.
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Another way of understariding why errors must appear, is to remeiriber

that the interaction between the dipole and the metal is given by the Coulombl

interaction between the two charges fornilg the dipole and the electrons in the

metal. If spatial dispersion is taken into account this interaction is screened,

by the mechanism discussed at §147, and becomes short ranged. This low,-crs

the coupling of the dipole to the metal, thus lowering the ability of the dipole

to polarize the latte.

1V.2. Model calculations which consider spatial dispersion and interface continuity.

9148. The discussion in the introductory Section IV. 1 was meant to state

possible difficulties of the phenomenological model and some reasons for

expecting them to be potentially important. To uAderstand how large the errors

arc one n-just carry out model calculations which perni-t the evaluation of the

electric fields when the interface is continuous and the medium is non-local as

well as when the mediumn is local and discontinuous. The point is, that the local

and non-local dielectric response should be computed by the same model for

electronic properties of the material, at the same level of sophistication. The

errors nad,. by the local-discontinuous theory can be established b coml::- r-

in the two sets of numerical results obtained for the fields.

Such a program has been carried out by Maniv, Korzeniewski and

Metiu4, 46, 196-199 who used a jellium model and computed the response

of the electrons to an arbitrary time-dependent electric field by using the

Random Phase Approximation. [ 2 0 0 - 2 0 Z j A very useful model which ignores the

continuity of the interface, but takes into account the non-locality of the

dielectric response, (developed by Kliewer and Fuchs ) has been recently

applied to surface spectroscopy.J
4 7'48]

The results obtained by the numerical calculations [ 45, 4 6 ,196-199] idicate

that if the 'minetal" is driven by a laser and one is interested in the field outside

the metal, the Fre,:ne formulae ar,! resonably iaccurate. This is not the
-i80 -



case for the fields inside the interface, but these do not concern us in the

present article. The phenomenological theory is in error when used for

the computation of the field generated by an oscillating dipole located near

a metal, if the metal-dipole distance is smallj45 - 48 ] The phenomenological

theory yields for this problem the image formula, in which the molecule-

surface distance dependence is d "3 and leads to a divergence when d -. 0.

In the microscopic calculation 4 5 ] this divergence is removed. Furthermore

the fields generated by the dipole along the surface can also be radically

modified especially when[4 61 the dipole frequency is above and close to the

unretarded surface plasmon frequency (which in the phenomenological theory

is given by c(w) = -).

The rate of energy transfer from the dipole to the metal is very much

affected by non-locality. At large dipole-metal distances (larger than roughly

10 3) the local theory works reasonably well. At a diminished distance the rate

may become larger than that given by the local theory, because the number of

theory considers only the electron-hole pairs having low wave vector while

the non-local one considers in addition, those with high 1. Finally when the

molecule-surface distance is very small, the rate given by the local theory

diverges (like d 3) while the non-local result levels off. [ 4 5 ]

One should keep in mind that these results are themselves approximate.

Ag, Cu andAu are not "free electron" metals. Furthermore the RPA method

has its own limitations. 1953 The model calculations are meant to give a feeling

for the trends expected when non-local effects and surface continuity are

taken into account.



V. Surnmarv, problens an p erspectives.

V.1. Introductory remarks

§149. We have presented in this article a combined body of theoretical

and experimental woAk centered around the idea that non-flat surfaces of

certain materials have electromagnetic properties that can alter radically

the spectroscopic properties of molecules located nearby. A major question

in the field is whether this idea alone is sufficient to explain all the data

accumulated so far in surface enhanced spectroscopy. In what follows we

attempt to summarize the theories and the facts most pertinent to this

question.

§150. For better focus we are going to use SERS as our main example.

The enhancement factor is given by (we ignore here all tensor indeces):

Gs- )1R(W) (V.1)

This formula has two electromagnetic factors describing the enhance-

ment of the primary field (through R) and that of the emission (through Gs).

A third electromagnetic factor, the image field, affects the excited state

life-time which does not appear in the Raman enhancement given by Eq. (1),

but it is important in other spectroscopic measurements. The molecular

effects can appear in Eq. (1) through surface induced changes in the deriv-

ative of the polarizability tensor with the normal coordinate amplitude t.

This division into electromagnetic and molecular effects can be carried out,

in a similar fashion, for each surface enhanced spectroscopic process, by

using the equations presented in Section II.

In examining the adequacy of the electromagnetic theory we must

address the following questions:

Qla. Can we compute the electromagnetic effects accurately for the

simplest system that we can hope to prepare in the laborat ry?



Qlb. Are the electromagnetic effects computed accurately for the

systems currently used in the experimental work?

QZ. Can we compute how large are the molecular effects? Specif-

ically, for Raman scattering, is the value of - for a cheml-

sorbed molecule, altered by chemisorption?

Q3. Is the enhancement mostly electromagnetic, mostly molecular

or is it caused jointly by both effects?

Note that according to Eq. (1) the molecular and the electromagnetic

effects multiply each other to give the total enhancement. For this

reason it is difficult to separate them by examining the data.

Furthermore, the detectors commonly used in SERS can measure only those

Raman signals from the surface molecules having an enhancement factor

between Z00 and 1000. We are in the peculiar position of a geographer who

lacks underwater equipment but wants to study the mountains on the ocean

floor when the depth of water is 1000 meters. This situation can cause con-

fusion, as illustrated below. Assume that we have a surface for which the

electromagnetic enhancement is 200 and the detector can pick up the Raman

signal from adsorbed molecules if the enhancement is 300. Now assume that

the value of a/cQ for the molecule bound to the surface equals the gas phase

value. For such molecules the enhancement factor is purely electromagnetic,

equals 200, and as a consequence the Raman signal of these molecules is not seen.

Now let us further assume that we treat the surface in some way (i.e.,

electrochemically, sputtering, etc. ) which creates new "binding sites" on

which the value of 8a/BQ is 1.3 times that of the gase phase molecule.

2The total enhancement jumps to ZOO x (1.3) = 338 and the Raman signal of

the peculiarly bound molecule is detectable. It would be tempting, but mis-

leading, to conclude that chemical effects (i.e., the peculiar binding) are
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responsible for the enhancement. They represent a factor of 1.69 out of a

total of 338 but the molecular effect is, so to speak, the part that gets the

mountain "above the water."

V.2 A theoretical discussion of the key questions.

§150. Question Qla. The accuracy of the electromagnetic calculation

is doubtful for several reasons. (1) If the metalic objects (e.g., colloids,

bumps on a surface, islands) have sizes comparable to mean free path of

the electrons, the imaginary part of the dielectric constant will be increased

by electron scattering from surface. This affects the resonant enhancement

of both the reflected field and emission, which are each proportional to

1. -2s herltv ipraca (Im C(W)) - . An increase in the particle size diminishes the relative importance

of this effect. (2) If the molecule is within 2-3 1 from the surface the models

Iused here tend to break down. The local dielectric constant, the assumption

of sharp boundaries and the use of a Drude-Lorentz model for the molecular

response, become questionable (see Section V). While we expect that the

reflected field is not strongly affected,[1941 the image field will be consider-

ably altered both because of non-local effects [ 45-48] and the break down of the

1point dipole approximation204-2 06 ] This affects those spectroscopic measure-

Iments in which the molecular life-time (or level width) is important such as

fluorescence, absorption and resonant Raman.

I§ 151. Question Qlb: 'It is very difficult to prepare in the laboratory those

surfaces for which the electromagnetic effects can be accurately (within the

I limitations discussed at §150) computed. The gratings and the flat surfaces

used experimentally might have some small roughness or small "boulders,"

which may contribute to enhancement as much as or more than the rest of

1the surface. The colloids coagulate thus making the interpretation of the

data questionable. The islands have poorly defined shapes and the surfacesI
-I8L,-



covTered by coarse roughness are plagued by the effects of the interactioa

between resonances. For these reasons the properties of the electroma-

* U netic fields in the real systems could be rather different than those computed

t on simple models. In such situations the theory gives, at best, guidance

conceraing expected qualitative features.

1 §152. Question Q2: The current status of the quantum theory of cherni-

sorption is such that we do not expect to have reliable calculations giving the

I change of the optical constants (e.g., frequency dependent polarizability and

its derivative with the normal coordinates) caused by chemisorption. Using

simple models, with moderate quantitative predictive power, the theorists

1 have proposed a variety of interesting and imaginative mechanisms[1
14 2,"207-214]

by which the metal can enhance the polarizability of the adsorbed molecule.

I These are surveyed below.

(1) It has been suggested[l1 42] that chemisorption might create new

excited states or shift the existing ones into the frequency region where sur-

I face spectroscopy is done. In such cases the experimentalist will observe,

unknowingly, a resonant Raman signal and confuse it with a surface enhanced

I signal. Such confusion is likely since the usual features of the resonant

Raman spectrum are altered by the presence of the surface.f14Z ]

(2) It is conceivable that [2 0 9 ' I2 0 ] the incident photons might excite

t the electrons of the metal into a joint molecule-metal state, formed by the

interaction between an empty metal state and an empty molecular state.

Then, they might emit a photon by going into a vibrationally excited electronic

ground state. This is a resonant Raman process which takes place by exciting

a ground state band into a discrete excited state. The width of the excited

state is large due to the coupling of the molecular state to the continuum formed

by the empty states of the solidt 2 1 5 ] and to the image field effects. [14 ] This

!
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I diminishes the resonant enhancement. Furthermore, it is not known whether

such transitions have appreciable oscillator strengL-. to give a sizable reson-

ant Raman signal.

j Recent detection, by electron loss spectroscopy, of new electronic

excitations for benzene, pyridine and pyrazine on Ag [( I6 suggests that thv;

j possibilities outlined at (1) and (2) might be important for such systems.

(3) The process of polarization of the molecule consists of charge

displacements caused by the molecular electrons following the oscillating

j electric field of light. For chemisorbed molecules it is possible that, as

the molecular electrons follow the laser, some electronic charge is trans-

Iferred back and forth between the metal and the molecule.[ 0a] This charge

transfer contributes to the polarizability of the chemisorbed molecule,1 2 0 8 )

I and therefore affects the Raman cross section.

i (4) Raman scattering is an electronic process in the sense that the

light drives the electrons which absorb a photon and then emit it with sim-

j ultaneous excitation of a molecular vibration. Therefore, any electron which

is capable of interacting with the light and the molecular nuclei can participate

I in the Raman process. Of particular interest in this respect are the electrons

of the metal located near the molecule. 2 07 An equivalent way of describing this

process, which can be turned into a computational method,[-07] is that a

I photon of energy -h& excites an electron-hole pair in the metal, then the

electron (or the hole) "collides" with and excites the molecular nuclei

j (transferring to them the energy -h w v) and then recombines with the hole

(or the electron) by emitting a photon of frequency w- o v . This participa-

tion of the metal electrons to the Raman scattering process increases the

Raman cross section.

The computational methods available for the study of the processes

j described above are not very accurate. Nor do the qualitative results

I
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I contain striking features that can be searched for in experi''ments. For

these reasons, in spite of rather imaginative arguments, the question of the

magnitude of the molecular effects in surface enhanced spectroscopy has not

Ibeen settled theoretically.

§153. Question Q3: The :.nswers provided to the questions raised above

1indicate why the issue of molecular versus electromagnetic enhancement is

so comp'icated. Since we cannot compute the molecular effects directly, we

I need to find their magnitude by combined use of experiment and theory. We

Imust fit the experimental measurements to a theoretical model in which the

electromignetic factors are computed exactly and the molecular factors are

I taken as variable parameters. We can find then, in principle, whether the

value of the molecular factors which fits the experiment is substantially

i different from the gas phase values.

Unfortunately, as we have already stated, the electromagnetic calcula-

tions are not yet able to achieve the required accuracy, for the systems on

I which experiments are currently being carried out. As a result, we have to

sort things out by a qualitative analysis of a large number of "imperfect"

I experiments based on a large number of "imperfect" theories. This process

resembles a trial by jury in which the decision is not reached by absolute

proof but by sifting through a large mass of circumstantial evidence; no item

is sufficient by itself, but it may be an important part of the whole story.

[
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I V. 3 Experiments which are hard to reconcile with a purely electromacnmetic
theory

S1154. We have collected in this section several experiments w.%*.ch are

difficult to understand, even qualitatively, in terms of the electrornagn etic

Itheory. Our selection is somewhat arbitrary. In choosing the examples we have

Ikept in mind that many measurements that have not been reproduced by others

might be experimental artifacts. Furthermore, effects that have not been

Ibroadly tested, might appear oaly for certain molecules on certain systems

under certain surface preparation and conditions. As such, they lack a

d broad mechanistic significance. Even under these circumstances there are

some arresting facts which are presented below.
SERS on mercury: Naaman, Buelow, Chesnowsky and Herschbach [Z1  have

I observed the surface enhanced Raman spectrum of Pyridine, Benzene, Cyclo-

hexane, CC 4 and CH 3 OH adsorbed on a mercury droplet. An enhancement

I of 104_ 106 was obtained whether the droplet was in contact with the gas

phase molecules (p = 10 - 3 torr) or immersed in neat liquid. The droplet size

is too large to give a substantial enhancement by the electromagnetic mech-

Ianism discussed in Section 111. 3.2. Furthermore, it is difficult to conjure up

some other form of roughness that can cause electromagnetic effects. The

I obvious candidate would be thermally excited Rayleigh waves which would cause

a small roughness on the surface. However, the enhancement of the local

I field (through R) and emission (through G s ) are each proportional to the mean

I amplitude, 6, squared.J9 4 1 The enhancement is then proportional to 84, and

because the amplitude of the Rayleigh waves that can be excited at room temp-

I erature is very small (6-10-30k), the electromagnetic enhancement from

these waves must be very small; smaller, in fact, than that for a Ag grating of the

I same amplitude. Detailed calculations[218] confirm this prediction. There-

fore, this experiment seems to provide a clear example of a sizable non-

electromagnetic enhancement.

I -188-
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I Unfortunately the evidence that the measured signal is caused by the

I surface molecules is not very strong. The Raman signal is proportional to

the surface area but so is the amount of light reflected by droplet, which

I then passes through the gaseous molecules contributing to the observed

Raman signal. In view of its singular importance, this experiment should

be carefully repeated. This is done now at Exxon research laboratory. [ 2 1 9]

Early attempts have failed to detect the enhancement but this is not considered

a definitive result.1 19]

Developments subsequent to Naarnan et.al. [Z 17] experiment are instruc-

tive. Sanchez, Birke and Lombardi 1 2 0] have communicated that the SERS

Ispectrum of pyridine on a mercury film deposited on a Pt electrode is sub-

stantially enhanced. They carried out the customary test of deciding whether

the Raman signal obtained from an electrochemical cell is due to SERS or to

bulk scattering: they varied the potential and noticed that the intensity of the

pyridine Raman line varied. Normally the change of intensity with the potential

Iis caused by the change in Py concentration near the electrode and it does affect

the Raman scattering by surface molecules and not that from the bulk ones.

Subsequently it was discovered that the presumed pyridine

I Raman lines were in fact plasma emission lines from the laser, which some-

how were not eliminated by the filter placed between the laser and the cell

J and were scattered by the Hg electrode into the detector. Their intensity

varied with the electrod potential because of changes in surface reflectance,

caused by formation of mercurous cloride. It is not known whether the

experiment of Naaman et. al.Z 17] has been affected by similar artifacts, nor

is it widely accepted that surface rather than gulk signals were detected. If

the results 17]are confirmed, there is not electromagnetic explanation for

them and molecular effects ought to be invoked as the cause of a very large

I enhancement.
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1155. The mysterious behavior of water: The fact that the Raman

spectrum of water has never been observed in early electrochemical experi-
rnents is rather puzzling. Even though water is a poorer Raman scatterer

than pyridine, it is much more abundant near the electrode. If the enhance-

ment mechanism is purely electromagnetic, then water would be exposed

to the same local field as pyridine and its emission will be enhanced like

that of pyridine. The fact that the gas phase value of 8ctIaQ is much smaller

for water than for pyridine,is partly compensated by higher water concentra-

tion at the surface. So, when the enhancement factor for pyridine is 106

that of water must be well above the detection limit if the enhancement is

entirely due to electromagnetic effects. Since no water signal was observed

one can infer that there are substantial molecular effects in the enhancement

factor for pyridine. Let us denote by A the value of (aa/aQ) 6Q for pyridine

at the surface, and by A the same quantity for liquid pyridine. The equation

RAg defines a molecular enhancement factor Rp for pyridine. Further-

more, we denote the corresponding quantities for water by B5 , B and R w ,

respectively. The enhancement factors for the two molecules are proportional
Sto Ep= IGs(W- ) W Rp) IR JR z .for pyridine, andto E w- s-:) Iz

s v p w v

IR w l JR(w)1 for water. Here Wp and w are the ring breathing vibra-
|v v

tional frequency of Py (-1000 cm ) and the symmetric OH stretch v1 for
-I

water (-3200 cm ), respectively. If we assume that the pyridine spectrum

for a monolayer is observable only if the enhancement factor is 200 (this is

.|a fairly representative figure for many experiments) then the-spectrum of a

monolayer of water becomes observable if the enhancement factor is 2000.

We arrived at this figure by using tefact( 22 1 that terio PI/A for

the ring breathing mode of pyridine and the symmetric stretch of water is

about 10. Since no water has been observed we must conclude that Ew-10

I
II -I/90 -

I1



If we take [26] for the enhancenent factor of the pyridlne a value of 10 we

must have

P., I Z10
w S - v w

The emission enhancements G for the two molecules differ because they

have different emission frequencies (corresponding to different vibrational

frequencies). Because of this, the factors (w - WV) 4 and the electromagnetic

response of the surface, both present in Gs, differ. Since the experiments

did not vary the incident frequency and the surface i i very coarse and poorly

defined, we do not know 1s(W- WpJ') Gs(w- cw)rp but we take it to be

10. This gives IP, p I / = 10. Assuming that the Raman polarizability

of the water is not affected by the presecne of the surface we get a molecular

enhancement factor Rp for pyridine equal to 10. This is quite a large

molecular enhancement, and we obtained it by using assumptions which tend

to give a low value.

One way of rationalizing the data in terms of an electromagnetic model

is to postulate that (1) the surface roughness consists of small boulders1
(-200 A) which give a short range electromagnetic enhancement and that

y (2) somehow the water is prevented by the pyridine and the ions from coming

in contact with the surface. A simpler explanation may be that in most cases

1the surface enhanced Raman spectrum of water is obscured by the presence

of a large bulk water signal.

§156.Very recently Fleischmann et. al.(224 ] and Pettinger, Philpott

and Gordon[-23, 225] have shown that the surface enhanced spectrum of water

can be observed from an aqueous solution having a high electrolyte concentra-

tion (10MNaBr). The surface is anodised and the voltage is rmaintainedlZZ3,225)

at -0. 3V with respect to Ag/AgCl. A Raman signal is observed at 3520 cm-

. -/ql -
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I and this has been assigned to the syrmmnetric stretch of water. This is con-

siderably shifted with respect to the VI mode of water in electrolyte solution,

which appears at 3222 cm . There seems to be a correlation between the
[ -1

35Z0 cm and that corresponding to Ag-Cl vibrations: they disappear together

when the voltage is changed. Unfortunately these experiments did not have

Iany pyridine in solution and the kind of discussion made earlier, which cali-
brates the enhancement of water with respect to that of the pyridine, cannot

be made. It is difficult to understand the apparent need for the high electrolyte

1concentration in terms of a purely electromagnetic theory. One might state

that perhaps under these conditions some peculiar surface shape and perhaps

Idielectric property is achieved.

§ 157. Unpublished work from Richard Chang laboratoryT226 added some new

information to the puzzle. He has the advantage of using an optical multichannel

analyzer[219,2Z03 which is capable of taking a Raman spectrum (over a 400 cm

range) in 25 msec. This is an excellent system for electrochemical studies since

J it permits the study of the change in Raman spectrum in time, as the oxydation-

reduction cycle takes place. Such spectra are displayed in Figure 30b together

with the voltamogram (Fig. 30a). The oxydation-reduction cycle starts at

J-0. 76V and the voltage is varied towards positive values. When the voltage becomes

zero a negative current appears, signaling the transformation of the Ag surface

into AgCl. At negative voltages the Raman spectrum shows a very broad peak

which corresponds to the symmetric stretch of water in the 1M KCl electro-

lyte solution. This happens because the Ag electrode is located at 5 mm from

the optical window through which the spectrum is taken. At 0. 18V the bulk

water spectrum disappears, presumably because the reflectance of the surface

is very small and its mirror effect is removed. As the voltage changes back

towards zero, positive current flows and at V = -0.2 all the AgCI is reducedI



to Ag. At V - -0. 16 the bulk water spectrum reappears and at slightly

higher voltage a peak, attributed to surface enhanced Raman signal from

- the v, symmetric stretch of water, appears. As the voltage is changed

to more negative values the peak disappears. This is quite strange since

1the voltamograni shows no discernible physical or chemical surface change.

Existing UHV experiments [ Z1 0 ] indicate that oxydised Ag reacts with

H2 0 forming OH groups on the surface. The spectrum presea ted in Fig.

130(c) shows the bending modes of the water, which indicates that at least

some of the water molecules are intact.

I The SER spectrum of a mixture of 50% 1-O and 50% D2 0 in IM electro-

lyte solution is shown in Fig. 31. This shows the v1 stretch in D.O (Fig.

31(b)) and the bending modes (Fig. 31(c)). It is not clear why the Yi stretch

is doubled in the isotopic mixture and it is absent in the electrolyte-water

system shown in Fig. (30)

I Chang[22 6 1 has also informed us that the water spectrum does not

appear if the electrolyte is IM KF, but it does appear for IM solutions of

IKCI, KBr and KI. Furthermore if the concentration of electrolyte is 0.5M

the H2 0 SER lines are not detectable.

It is rather difficult to interpret these results (i.e., disappearance of

the spectrum at negative voltages, the special properties of KI and the need

for high electrolyte concentration) in terms of an electromagnetic theory.

IOur understanding of this system will be very much aided by addition of

pyridine to the system and by a comparison of the pyridine and water spectra

as explained in §155. R. Chang is in process of carrying out such experi-

Jments. It will also be extremely useful to have electron microscope studies

of the surface shape at various voltages. Finally, one would like to transfer,

without contamination, [2 3 0 -2 3 2 ] the electrochemical surfaces in a UHVII
I



instrument and study their strface composition (by standard UHV methnods) and

their SERS properties. One would like to know whether the liquid-solid inter-

face at specified voltages is op.Ically different from the surfaces commonly used

in UHV systems.

In the absence of such information one could only speculate whether a!2

electromagnetic explanation for the facts mentioned above might be found.

One possibility is to invoke orientational effects and spatial competition. As

is well known[23, 24] there is a propensity, even at optical frequencies, for

Ithe electric field vector to be perpendicular to the solid surface. Imagine now

a molecule like pyridine which can bind to the metal through the nitrogen,
I or edgewise, or lie flat[225] according to the bulk concentration[ZZS] and

perhaps voltage. Since the Raman signal depends on the dot product between

the polarizability of the molecule and the local field (through Q E)),

the orientation of the molecule is important especially for molecules like

pyridine for which the polarizability tensor is very anisotropic. If the cycle

is perpendicular to the surface, the signal is much larger than if t'.e molecules

I lie flat on it. Change in voltage may cause change in orientation, which in

turn cause "strange" intensity evolution. Note that in systems with low en-

hancement poor detector sensitivitythe signal may disappear

if the orientational effects lower the cross-section by an order of magnitude.

IFurthermore on surfaces whose roughness consists of small boulders the

I spatial range of the enhancement is short and voltage changes can cause

changes in the composition of the one or two layers near the surface, which

Iresult in large Raman intensity changes. This might explain why the ion

concentration and the size of the ion might play a role within the framework

I of an electromagnetic theory. Note that orientational effects differ for dif-

ferent modes and this might explain unusual relative mode intensities.

I



§158. Other potentially disturbing facts. (a) Chang, et.zd. [227.228

have noticed (for pyridinle on Ag) that in the process of anodization, the SEBRS

signal for the 1008 cm- and 1036 cm- modes appear much earlier than the

12224 cm- and the 1595 cm- ones. The electromagnetic theory requires

that (in the absence of very peculiar orientational effects) all modes should

be enhanced at the same time (i.e., at the same potential or the same surface

structure). It may be that the missing modes are enhanced but their inteasity

is lower than the detection limit and they appear only upon the completion of

the anodization. (b) We have already discussed (Section 111. 1) in detail the

controversy over the ability of flat silver surface to produce large enhance-

Iment. If the statement 26 1 that flat Ag surfaces produce a 104 enhancement

of the pyridine Raman spectrum is confirmed (doubts are caused by the

1possibility r2 6 3 that surface features of less than 2501 might be present and

cause the enhancement) this will clearly prove that the electromagnetic

enhancement provides only a factor of 100. (c) Finally, there is a great

I body of work which has gathered arguments in favor of the hypothesis that

single Ag atoms protruding from the flat surface, or some other "active

I sites," are essential to SERS. Since this area has been reviewed by Otto,'~ [5

who is the proponent of the theory and the leader of the movement, we do not

review it here. The idea is interesting, but still controversial and we are

not yet in a position toacept or reject it.

I V.4. Concluding impressions.

§159. In spite of all the difficulties mentioned throughout this section,

Jthe re is no doubt that the electromagnetic effects play an important role. If

one avoids getting too engulfed in details and one tries to take a broad view

I of the field, then the mass of circumstantial evidence provided by the experi-

mental confirmation of many of the qualitative predictions of the theory, for



1a great variety of surface shapes and spectroscopic techniques, is very

impressive. What is not yet clear is whether the electromagnetic effects

provide most of the enhancement. Furthermore, as so often happens in

chemistry, one is never secure in making broad, general statements. It is

I quite conceivable that certain types of molecules have their polarizability

Iradically altered by peculiar modes of binding to specific metals, while others

could care less that the metal is present. For this reason the theoretical

jideas must be tested against a rich data base, in which such peculiar behavior

would stand out isolated, and be identifiable. Such a data base is not yet

Iavailable.
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Table 1. The dependence of the resonance frequency wre s ,

amplification factor I and spatial extent factors g, and CZ on

the geometric parameter X = D/R o . The system studied in the table

is a perfectly conducting sphere on a SiC plane surface. The incident

laser beam is p-polarized. Reproduced from Ref. (31].

'I, I 2 1w res Ires Y2x0 A ClXIO'

.5 944 5. IxlO 4.80 1.53

.3 941 2.4xi 0 2 3.80 1.55

.2 937 8.83xi02  3.30 1.50

.1 928 7.37xi0 3  3.08 1.46

.05 916 5.00xIO4  3.25 1.45
935 I.Ix0 4

.03 905 1.8xlO 5  3.20 1.44
930 5.2xl0 4

.01 878 1.8xlO6  2.41 1.35
911 1.13xlO

6

925 4.4x105

1



Table 2. Few representative values of resonance frequencies W res'

amplification factor I rsand spatial extent of the resonance characterized

by g, and ~.The geometrical parameter X = D/R 0 in fixed at a

value of .05. The method of calculation of these quantities and their

precise definition is discussed in the text. Reproduced from Ref. [31].

Plane Sphere Polarization res 'res g9XlO- 2 
. CXJLO-2 X

Ag P..U p 3.27 eV 8.6X103  2.47 1.20

toIf s 3.50 eV 8.2x10 2!5. 00 0.59

sc() P.C. p 916 cm71 5.OXlO4 3.25 1.45
935 cm'l 1.lXlO"

a930 cm71  6. 0,d02  Z!5.00 0.79
939 cm 6.8x102

InSb~3  P.C. P 931 cm71  1.76x10 2.51 1.24

16 962 cm- l.16x102  'Z5.00 0.67

Org. film p-c. ~ P 2.27 eV 2.6x0 2  2.50 0.94

of ofS 2.28 eV 1

Ag Ag p 2.73 eV 4.2x104

3.17 eV 1.3.104  5.12 1.53

otos 3.33 eV l.35x102  1.40 0.35

sic sic p 882 cm71  1. 41x1.05  4.21 1.73
913 cm-1  9. 104

925 cm 4.08xl0
ofa902 c-1 3.4xl02

920 cm71  1.86x103

928 cm1 2.01x103  1.01 0.64

Au Au p 2.2 eV 1.4X1O4 3.40 1.33

3.1 eV 5.6x10

ofa 2.2 eV 3

(1) p.C. -perfect conductor, characterized by jc-(W)

(2) If more than one entry is showjn for w es (as for Sic), each corresponds to a local

maximum of i e . Thus, multiple entries are indicative of structure in the

resonance spectrum.

(3) InSb is doped to have the electron concentration corresponding to the bulk plasma

frequency w - 1023 cm1 . -q
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I Table 4. Dependence of SERS intensity on molecule-sphere

distance d. The radius of the sphere is a.

a = 300 a 400

d(l) (a/(a+d)1 2 I d(l) (a/(a+d) 1 2

10 0.67 10 .74

20 0.46 20 .56

30 0.32 30 .42
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Table 6. The contribution of various multipoles to the molecular
0

lifetime. The radius is a - 300 A. The molecule surface d is varied.

n is the order of the resonance. In - (n+l) (2n+l)n- Ea/(a+d)I 2n+l(a+d) - ' .

d- .A d - 10A d - 50A d - 100A d- 150A
7 7777

a lxlO I xlO7  I 10 In X10 7  I x107

1 4.35 4. 1.76 0.79 0.39

2 8. 6. 2.42 0.83 0.32

3 13. 10. 2.96 0.78 0.24

4 20. 14. 3.27 0.66 0.16

5 28. 19. 3.38 0.52 0.1

10 87. 42.8 2.32 0.94x10 - 1  0.59X10

50 13.x10 2  64.2 2.12x10- 4

100 -- 9.44

200 5.32xi0 -2

1000 9.4x10+2

2000 5.

5000 6.4xl08

I
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Table 7. The two resonance frequiencies and the corresponding

local Intensities in the region between a Ag sphere and a Ag half-plae,

an afunction of Xz D/R 0 . p-polarized light, 8 450

0.03 2.5 1.4x10 5  3.05 S.0x104

/0.05 2.73 4.2x104  3.17 1.3x104

0.10 3.0 7.9x103  -

0.20 3.2 1.3xl03

I;O



Table 8. Distance dependence of the enhancement factor of the

local laser intensity (E Eo* 'E ) for an isolated sphere and a sphere-

plane system. The incident laser electric field is at 450 with respect to

the normal to the flat surface. The distance is measured along the normal,

away from the surface of the sphere and the plane. The isolated sphere

calculation is done with the same program by taking the dielectric constant

of thi half-space to be equal to that of the vacuum.

Distance 1 1. 20. 40. 60. 80. 100. 120.

Sphere 66. 23. 10. 5. 3. 2. 1.7

Sphere-Plane 50. 23. 12. 8. 5.6 4.3 3.5

I
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Figure Captions:

Fig. 1. Geometric characteristics of a grating and the choice of the

coordinate system. The grating wave-length L is the distance between

two consecutive maxima. 0 (not shown) is the azimuthal angle.

Fig. 2. The reflectivity of p and s-polarized light scattered from a
-I

grating (full lines) and the Raman intensity (dotted lines) of the 1000 cm

line of a polystyrene film deposited on the grating, as a function of the

polar angle of incidence. The azimuthal angle 0=0. The reflectivity and

the Raman intensity for s-polarized incident light does not depend on the

polar angle. Reproduced from Ref. 6 1.

Fig. 3. The emission intensity from a dipole located above a Ag grating.

The azimuthal angle of detection is fixed at 0=100 and the polar angle of

detection is varied. Various curves correspond to different emission

frequencies. Note the existence of double peaks for the lower frequencies.

Reproduced from Ref. [50).

Fig. 4. The emission intensity for a dipole located near a silver grating.

The emission frequency is held at 2. 4 eV and the polar angle of detection is

varied. Different curves correspond to different azimuthal angles of

detection. When 0=900 the detection plane is perpendicular to the troughs

of the grating. Reproduced from Ref. [50].

Fig. 5. Various detection-excitation schemes for studying fluorescence

with the aid of an ATR prism. or a grating or both. Various possibilities

are discussed in the text.



Fig. 6. Surface plasmon emission produced by exciting the molecules in

the configuration (5a) and detecting plasmon emission in direction 6 (Fig. 5a).

The plot gives the intensity as a function of the molecule-surface distance d

(see Fig. (Sa) for definition). The intensity is different if the dipole is

perpendicular or parallel to the surface. The dotted line is an average

emission for random orientation. Reproduced from Ref. [75].

Fig. 7. Fluorescence intensity (the area under the fluorescence peak) for

various molecule-metal distances. (a) Ag with the excitation-detection

scheme I (see text). (b) Ag with the excitation-detection scheme II (see text).

(c) Au with the excitation detection scheme I. The excitation frequency

= 457.9nm. The points are experimental data from Ref. 78. The full

line is the theory of Ref. 75 as applied by Dr. Ivar Pockrand (private

communication).

Fig. 8. A surface -with small random roughness. ,The figure defines the

mean surface plane (full, horizontal line) and the choice of coordinate system.

Fig. 9. Iflat NI o is the intensty radiated by the dipole in the presence of the

flat surface. Irough is the difference between the emission for rough and that

for a flat surface. The parameters are: the mean amplitude 6 = 30 1, the angle

of detection from normal is 9 = 450; the metal is silver. The curves

correspond to three different correlation lengths a. The arrow indicates

the position of the unretarded plasmon frequency. Reproduced from Ref. [94].
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Fig. 10. The-quantities b and bF are the rates of energy transfer from

a dipole to a surface with small roughness and a flat surface, respectively.

The mean height of the roughness is 8= 20 1 and the correlation length is

a = 601. The metal is Agand the surface plasmon frequency is 3.63 eV.

The distance to the mean surface is d. Reproduced from Ref. [49].

Fig. 11. Extinction, far-field scattering, absorption efficiency and near

field intensity for spheres of 22 nm radius, immersed in water. (a) Ag;

(b) Cu; (c) Au. From Ref. [113).

Fig. 12. Absorption spectrum of 500:1 diluted silver sol with adsorbed

citrate (full line). The best theoretical extinction ht, normalized to give a

peak intensity equal to the measured one (dotted line). From Ref. [125].

Fig. 13. Extinction, far-field scattering, absorption efficiency and the

near field intensity, for spheres of 100nm radius, immersed in water.

(a) Ag; (b) Cu; (c) Au. From Ref. [113].

Fig. 14. The enhancement factor for the dipole-sphere-laser configuration

described in the text. The Raman band is at 1010 cm I and the material is Ag.

(a) The dependence on the incident wavelength (for fixed radii). (b) The

dependence on the dipole-sphere distance (for fixed radii). (c) The dependence

on the radius (for fixed incident wavelengths). Reproduced from Ref. [137].

Fig. 15. Fluorescence spectra of three different micro-spheres of 9.92 jm

diameter, suspended in water. The incident wavelength is 457.9nm. The

emission spectrum in the range from 454nm to 565nm shows spikes due to

the electromagnetic resonances of the sphere. From Ref. [149].
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Fig. 16. The energy of the electromagnetic resonance of Ag, Cu, and Au

as a function of the aspect ratio a/b of the spheroid. From Ref. [115].

Fig. 17 (a). Enhancement ratio for a molecule adsorbed on Ag versus

photon energy in the neighborhood of the surface plasmon resonance.

Herea =500, b= I00 , H= 5A, and of= 101 3 . (b) Same, forAuand

Cu. From Ref. [115].

Fig. 18. Enhancement factor, R, as a function of molecule-surface distance

H for three sets of (a, b) values: 1: (500, 250)1; 2: (500, 100)1;

3: (500, 50) 1; 4: (500, 500)k. Here hw = 2.50 eV and O = I0 3 .

From Ref. [115].

Fig. 19. Enhancement ratio of Ag versus distance from surface for several

photon energies. Here a = 500k and b = 250k; and 01= 10 3. Note the

fairly slow fall off with distance. The labels a-f refer to photon energies

of 2.01, 2.26, 2.50, 2.75, 3.00, and 3.25eV respectively. From Ref. [108].
-1

Fig. 20. Enhancement of 1010 cm" Raman line vs. excitation wavelength

(in vacuum) for a monolayer adsorbed on randomly oriented silver prolate

spheroids in water for various axial ratios (a/b). From Ref. [155].

Fig. 21. Same as Fig. 20 for gold. From Ref. [155].

Fig. 22. Same as Fig. 20 for copper. From Ref. [155].

Fig. 23. Same as Fib. 20, for oblate spheroids. From Ref. [155].



Fig. 24. Dependence of the Rarnan signal on the aspect ratio of the

silver ellipsoids. The normalized Raman intensity of the CN (2144 cm " )

vibration in nitrogen is shown as a function of incident photon energy.

(a) 3:1 aspect ratio ellipsoids (Fig. 1). (b) 2:1 aspect ratio ellipsoids.

From Ref. [162].

Fig. 25. The 2-sphere system. Shown here are the relative dispositions

of the two spheres, the orientation of the external field Eo and the

observation point at which the field enhancement is calculated.

Fig. 26. Resonance of the 2-sphere system for different scale factors X.

For each X, the intensity enhancement I at the observation point is plotted

as a function of laser frequency.

Fig. 27(a). The upper curve (X = .4545) is a plot of I (on a log scale)

versus distance d/D as one proceeds from the surface of one sphere to

the other, along their common axis. The lower curve is for the isolated

sphere X = 0 and the abcissa for this case should be read loo rather

than d/D as shown. The external frequency w= 3.48 eV is the resonance

of the isolated sphere.

Fig. 27(b). Same as Figure 27(a) but for w- 3.ZleV, the lower resonance

frequency of the 2-sphere system, with X = .4545 and X = 0.

Figure 28 (a). The enhanced laser intensity between a Ag sphere and a Ag

plane at 1 from the plane surface, as a function of laser frequency. (a) The

full line is for p-polarized light and the dotted line is for s-polarization.

X = D/R o = 0.05. (b) The same for various values of X and p-polarization.

The full line corresponds to X = 0. 05 and a scale factor FAC .001; the

dash-dotted line to ) = 0.03 and FAC = 0. LC05; the dashed line to X = 0.1

and YAC .01. In all cases the angle of incidenc.- (with the normal to the

flat surface; t9 4 = 450



Fig. 29. Raman excitation profiles for adsorbates at electrochemically

roughened silver electrodes: (-...) [CN]" (2114 cmI); ( ---- )

triphenylphosphine (997 cm ); (-) pyridine-d 5 (969 cm "I , corresponding

to the 1008 cm mode of normal pyridine). x and j indicate coadsorbed

triphenylphosphine and pyridine-d 5 . Potential limits for the anodization cycle:

(0) - 150 -. 250 mV (130 mC/cm2 ); (o) - 150 - 250 mV (280 mC/cm- 2 );

(x), (.) -100 -2 00 mV (300 mC/cm2 ); () - 800 -= 500 mV (Z5 iC/cmz).

Reproduced from Ref. [ 190].

Fig. 30. (a) Anodization voltamogram. (b) Successive Raman spectra, for

various electrode potentials, displaying the bulk and surface i 1 line

(symmetric stretch) of H2 0. (c) Same as (b) for the bending mode of water.

From unpublished work done in Prof. R. K. Chang's laboratory at Yale.

Fig. 31. Isotope effects on Raman frequencies of H2 0 and DzO. The

meaning of the successive graphs is the same as in Fig. 30(b). (a) The v,

mode of H 2 0. (b) The v, mode of D2 0. (c) The bending modes.

Unpublished work done in Prof. R. K. Chang's laboratory at Yale.
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